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ABSTRACT
INTERACTIONS OF CHIRAL BIOPOLYMERS
SEPTEMBER 2004
CHRISTOPHER B. STANLEY, B.S., GEORGIA INSTITUTE OF TECHNOLOGY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Helmut H. Strey
The self-assembly of chiral biopolymer systems involves both intra- and inter-
molecular interactions. The contribution of these forces to protein hydration and
stability and their influence on DNA chiral interactions is investigated. The osmotic
stress technique is utilized to vary water activity in solution through the addition of a
neutral osmolyte, such as poly(ethylene glycol).
For the osmotic stress experiments, the osmotic pressure of the stressing
solutions and its temperature dependence is needed. Since traditional methods, such as
vapor pressure osmometry, static light scattering, and membrane osmometry, are not
suitable for the concentration and temperature range of interest, a new method is
devised using sedimentation equilibrium ultracentrifugation. We are using this method
to measure the osmotic pressure of aqueous poly(ethylene glycol) solutions over a
concentration range of 0 to 50 wt% and over a temperature range of 10 to 40 °C.
vi
Hydration changes accompanying protein folding are investigated using the
helix-coil transition in poly(glutamic acid) as a model system. Circular dichroism
spectropolarimetry is used to follow this transition as a function of osmotic pressure,
temperature, and pH. The energetics of the helix-coil transition allow the number of
water molecules associated with the conformational change to be calculated. We find
that osmotic pressure raises the helix-coil transition temperature by favoring the more
compact a-helical state over the more hydrated coil state.
To provide a better understanding of chiral interactions between biopolymers,
measurements of short fragment (146 bp) DNA cholesteric pitch and twist angle are
made as a function ofDNA interaxial spacing and salt concentration. The cholesteric
pitch and DNA interaxial spacing are followed by polarizing optical microscopy and X-
ray scattering, respectively, and the microscopic twist angle between DNA molecules
then can be calculated. Increasing ionic strength results in enhanced chiral interactions
as evidenced by the increase in twist angle for a fixed interaxial spacing. In addition,
we have created hybrid liquid crystals of short fragment DNA and elastin-like peptides
that exhibit a cholesteric phase structure and undergo thermal contraction upon heating.
These liquid crystalline systems are useful in studying chiral interactions between
biopolymers and potentially could be utilized as biosensors.
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CHAPTER 1
INTRODUCTION
Overview
The primary goal of this thesis is to provide a better understanding of certain
weaker interactions occurring in chiral biopolymer systems. Hydration interactions
between a polar biomolecular surface, such as a DNA or protein molecule, only amount
to a fraction of a kBT per water molecule but become energetically significant when
summed over the total number of water molecules interacting with that surface. These
water molecules can drive the assembly of biopolymers with increasing temperature due
to their entropically favored release from the polar surfaces 1
" 3
and can also aid in the
stabilization of native protein structures. We explore the relationship between protein
hydration and stability in Chapter 3 using the helix-coil transition in poly(glutamic acid)
as a model system.
Chiral interactions between biopolymers like DNA and proteins also are weak in
nature, where the twist angle between neighboring molecules is only a fraction of a
degree. In Chapter 4, we study chiral interactions in DNA cholesteric liquid crystals by
probing the connection between the macroscopic cholesteric phase and the microscopic
twist angle between DNA molecules. Chiral interactions are found to vary with ionic
strength, which supports the idea that DNA chiral interactions are electrostatic in
• 4 5
origin. '
1
Water-protein interactions present a formidable challenge that often can only be
studied indirectly.6 However, the osmotic stress technique7
"9
offers a direct method for
measuring hydration changes accompanying a conformational change. This is achieved
by varying the water activity in solution through the addition of a neutral osmolyte to
adjust the energy difference between two conformational states. The osmolyte size is
chosen such that it is sterically prohibited from entering certain regions (i.e. pockets,
cavities, and grooves) of the system of interest and therefore acts on these regions
osmotically. The difference in the number of water molecules associated with the
thermodynamic transition ANW can be calculated from the change in the free energy
difference AG with osmotic pressure n
dAG
=—v AN (\ ndn w w uu
where AG = -kBT\n K, with AT being the equilibrium constant, and the molecular
volume of water vw « 30 A3 . The work of water removal is then given by n,A^w , where
nt is the osmotic pressure at the transition point (i.e. K = 1) and AVW = vwAA^w .
The measured A/Vw involves water molecules that are either bound or released
from a protein or macromolecular surface during the conformational transition. In this
sense, water is treated as a ligand. " Specifically, osmotic stress probes those waters
that are thermodynamically significant to the transition. It can be imagined that at some
distance outward from the surface of a macromolecule there is a Gibbs dividing surface
that defines the hydration volume being probed by the particular osmolyte used.
9 When
these waters are bound to the protein, they may be buried in pockets and grooves or
2
they may reside on the surface. Knowledge of the structure and calculations of the
solvent accessible surface area can be used along with the measured change in water
volume to elucidate the location of these water molecules. Typically, these water
molecules are not tightly bound and therefore have a short residence time with little
difference from the bulk water in which they contact. Hence, these energetically
important waters are not directly detectable by conventional spectroscopic and
diffraction techniques. 10
Hydration changes accompanying the helix-coil transition in poly(glutamic acid)
are investigated using osmotic stress. For these experiments, the osmotic pressure of
the stressing solutions and its temperature dependence are needed. This prompted the
development of a new method described in Chapter 2 to measure the osmotic pressure
of aqueous polymer solutions with varying temperature using sedimentation equilibrium
ultracentrifiigation. Then, in Chapter 3, the energetics of the poly(glutamic acid) helix-
coil transition is followed to quantify the significance of hydration in this system.
Chiral Interactions in DNA Cholesteric Liquid Crystals
Any object that is not superimposable onto its mirror image is chiral. Nearly all
molecules synthesized by living organisms are chiral. For example, L-amino acids and
D-sugars are prevalent over their mirror-image isomers. In biomolecular liquid crystals,
chirality leads to the formation of twisted liquid crystalline structures: cholesterics, blue
phases, and twisted smectics. 11 ' 12 Ironically, despite the vast number of examples of
chirality in nature, some important details of chiral interactions are still poorly
understood. Although chirality has a strong structural impact on its liquid crystalline
3
phases, the strength of chiral interactions is surprisingly small. In a typical cholesteric,
the twist angle between neighboring molecules (Figure 1.1) amounts to a fraction of a
degree. These small angles lead to a cholesteric pitch, defined as the length along the
twist axis corresponding to a full turn of the nematic director, in the few hundred
angstroms to micrometer range. Recently, this problem has been addressed
theoretically
4
'
5
and experiments are now urgently needed to test these novel ideas.
P/2
o
d.
Figure 1.1. The cholesteric pitch P is a function of the interaxial spacing
d, and the twist angle I// between DNA molecules in a cholesteric phase.
This angle, which is typically less than 1°, is directly related to the chiral
interaction energy.
Chiral interactions between DNA cholesteric liquid crystal spherulites are
studied in Chapter 4 in an effort to find the connection between the macroscopically
observable cholesteric pitch and the microscopic twist angle between DNA molecules.
The significance of chiral interactions also is explored within hybrid liquid crystals of
DNA and elastin-like peptides as described in Chapter 5. These hybrid liquid crystals
that we have created undergo thermal contraction upon heating in accordance with the
inverse temperature transition of the elastin-like peptide. They are useful in studying
chiral interactions between biopolymers and potentially could be utilized as biosensors
4
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CHAPTER 2
MEASURING OSMOTIC PRESSURE OF POLYETHYLENE GLYCOL)
SOLUTIONS BY SEDIMENTATION EQUILIBRIUM
ULTRACENTRIFUGATION*
Overview
The osmotic pressure of aqueous poly(ethylene glycol) (PEG) solutions (400
and 8000 g/mol) was measured by sedimentation equilibrium (SE) ultracentrifugation
over a concentration range of 0 to 50 wt% and over a temperature range of 10 to 40 °C.
We have developed a procedure to cover a large polymer concentration range by
performing a series of ultracentrifugation experiments at different loading
concentrations. The SE data agreed well with previous measurements made using a
vapor pressure osmometer. To facilitate conversion from concentration to osmotic
pressure, the data were fitted to multivariable polynomial expressions as a function of
the PEG-to-water ratio G and temperature T. The osmotic pressure of PEG solutions
decreases with increasing temperature. We attribute this behavior to the release of
structured water associated with the PEG chains, which compared to bulk water has a
lower entropy.
* Originally published: Stanley, C. B. and Strey, H. H. Macromolecules 2003, 36,
6888-6893.
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Introduction
The osmotic stress method has been successfully employed to measure inter-
molecular forces in arrays of biomacromolecules, such as DNA, 1 "8 collagen,9 and
polysaccharides, 10 as well as to measure the thermodynamics of conformational changes
in enzymes and membrane channels, 11 hydration changes accompanying the binding of
oxygen to hemoglobin, 12 ' 13 and thermodynamics of polyelectrolyte-surfactant complex
interactions.
14
In this technique, osmotic stress is applied to the system of interest
through a neutral osmolyte, such as polyethylene glycol). In most cases, the osmolyte
size is chosen such that it is prohibited from intercalating with the system of interest,
eliminating the need for a dialysis membrane.
To study thermal effects upon forces by the osmotic stress method, the
temperature dependence of the osmotic pressure needs to be known. So far, only
temperature-dependent osmotic pressure values for PEG 8000 1, 15 (formerly known as
PEG 6000) 16 have been available. Forces that lead to temperature favored assembly
between DNA helices in the presence of MnCb,4 collagen triple helices,9 and
hydroxypropylcellulose chains 10 are examples of systems for which such data would be
beneficial. In these cases, control over both osmotic pressure and temperature allows
for measurement of the entropy and enthalpy of hydration.
The traditional method of measuring osmotic pressure in our concentration
range is by vapor pressure osmometry (VPO), 1 ' 15
" 17 however temperature control is
difficult to achieve using commercial instruments. Also, the typical range of VPO is
from 0 to 75 atm in osmotic pressure and practical sample issues, such as bubbles and
high solution viscosity, can adversely affect readings. Other techniques, such as static
7
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light scattering and membrane osmometry, require dilute solutions and therefore
only be used at lower osmotic pressures (typically less than 1 atm). In addition,
membrane osmometry requires that the osmolyte be large enough to be impermeable to
the membrane. We chose analytical ultracentrifugation (AUC) because it allows for
osmotic pressure determination with straightforward control of temperature. Others
have used this technique for similar measurements involving the osmotic pressure of
DNA 18 and the swelling pressure equilibria of gels. 19"21 It also allows us to measure
osmotic pressures well above the capabilities of VPO without any complications. The
osmolyte concentration gradient created within the AUC cell is typically smaller than
the overall concentration range of interest. Therefore, a series of experiments at
different starting concentrations had to be performed, covering osmotic pressure
differences between 0.2 and 12 atm. The total osmotic pressure as a function of
concentration was obtained by merging data sets using a fitting procedure that is
described below. Our method is generally applicable to many osmolytes and should be
useful in creating a broader, more accurate database for osmotic pressure experiments.22
In a sedimentation equilibrium (SE) experiment using the AUC, a radially-
oriented concentration gradient is established as the sample is centrifuged at a constant
angular velocity. There are well established methods for analyzing this concentration
gradient for dilute solutions to determine molecular weight while also accounting for
solution nonideality. The molecular weight of the solute Mi can be determined
from SE experiments using the following expression
d In c2 co
dr
2 "1
v
9c 2 , K dc2J
(2.1)
where c2 is the concentration of solute, r is the radial distance outward from the center
of the centrifuge, ©is the angular velocity, Op / 9e2 )„ is the density increment at
constant chemical potential of low molecular weight species (i.e. water, c,, and salt, c3 ),
and dU I dc2 is the derivative of osmotic pressure with respect to c2 . For concentrations
approaching zero
dl\ RT
dc 2 M2 (2.2)
giving
dine, M.co2
df 2RT
dp
K dc2 ;
(2.3)
and thus, a plot of In c2 vs. r will have a slope proportional to M2 .27 By rewriting
Equation 2.1 as
dc 2
- = co
2
dr
dp rdU^
-1
c2 (r)-r (2.4)
then multiplying both sides by dll I dc2 and dr and integrating from the meniscus
position rm to some outward radial position ru the difference in osmotic pressure can be
found
r
AO = (O
dp
V 2 'p. rm
'i
J
c2(r)rdr (2.5)
1
8
This expression is the same as that obtained by Brian et al. and is the equation
necessary to calculate osmotic pressure from SE experiments
9
Calculations
Obtaining Concentration from Fringe Displacement
Since PEG does not have a significant absorbance in the UV-to-visible range,
we used the Rayleigh interference optical system of the AUC to determine PEG
concentrations. With this technique we can determine the difference in solute
concentration Ac2 relative to the concentration at the meniscus c2(rm). At low initial
concentration the sample can be rapidly centrifuged to obtain meniscus depletion, then
C2(rm) = 0 and c2(r) = Ac2(r). If c2(rm) is non-zero, then data fitting is usually necessary.
However, because of the relatively high concentrations we are exploring, we have
chosen to use a mass balance to calculate c2(rm). In general, conservation of mass is not
a good assumption in analytical ultracentrifugation experiments because it requires that
the entire polymer mass loaded into the ultracentrifiige cell can be detected.
Complications arise when the signal at the cell bottom gets noisy due to a steep
concentration gradient. This problem was not encountered, most likely because the
relatively high loading concentrations used resulted in small concentration gradients.
Other methods for calculating meniscus concentration, such as conservation of signal
29
and an extrapolation procedure developed by Creeth and Harding, are usually
preferable to a mass balance in conventional analytical ultracentrifugation experiments.
As discussed later, the good agreement found between our osmotic pressure data and
those made with a vapor pressure osmometer, as well as the independence of our results
on the angular velocity, support a mass balance to calculate C2{rm) for these
experiments.
10
The raw data, fringe displacement Am(r) vs. r, can be converted to the change in
concentration Ac2(r) by first converting to the change in refractive index
. Am(r)- X
where A is the wavelength of the laser and L is the cell pathlength, and then dividing by
the refractive index increment
Ac
2
(r) = An(r)-
y dc2j
(2.7)
Since Ac2(r) is relative to the concentration at the meniscus, the meniscus concentration
must be calculated. This can be done with a mass balance starting with
c2 (r) = c2(rm ) + Ac2 (r) (2.8)
where c2(r) is the absolute concentration at r, and multiplying both sides by the volume
Vto get the solute mass x2(r)
x2 (r) = c2 (rm )V + Ac2(r)V (2.9)
The total (or loading) mass x2
,
totai can be computed by taking the following integral
*2.total
'b
\*2 {r)dr (2.10)
where rm and ib are the meniscus and cell bottom positions, respectively, and the
volume can be expressed as
(2-n)
where a is the sector angle of the cell in degrees. This angle was calculated to be 2.42°.
1
1
Now Equation 2.10 can be used to solve for concentration at the meniscus
°2(rJ=
i
2
'T KOL
~\^)dr (2.12)
m
360
The integral in Equation 2.12 is found by fitting Ac2(r) vs. r to a third-order polynomial
expression, or a fifth-order polynomial expression if the data has more curvature, and
then integrating. It should be noted that this is a non-physical fit and that sedimentation
equilibrium theory yields an exponential expression for the radial dependence of
concentration (see Equation 2.3). However, due to the high concentrations being run,
there is not much curvature in the concentration gradients established and so an
exponential expression is unsatisfactory. To convert ci to wt%, the density data was
used to construct plots of wt% vs. c2 , where
( wt%
c2 = p(wt%) (2.13)
V 100
and p(wt%) is the density at a given wt%, for each temperature and then each curve was
fitted to a second-order polynomial expression (see Appendix A).
Obtaining Osmotic Pressure
Osmotic pressure is calculated from Equation 2.5 where the integral can be
solved by fitting ci{r)r vs. r to either a third- or fifth-order polynomial expression and
integrating. Since All is measured experimentally (Figure 2.1a), a boundary condition
(n0) is needed to calculate IT. If meniscus depletion is achieved, the meniscus serves as
the boundary condition where n = 0 atm at 0 wt%. Alternatively, the curve for the
12
lowest concentration run can be linearly extrapolated to n =
error into account.
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Figure 2.1. Plot of (a) An vs. wt% for PEG 400 at 20 °C with the
corresponding (b) n vs. wt% curve also given to show how the data are
shifted. The loading concentration (in wt%) for each sample is listed.
Since there are approximately 1500 data points collected for each sample
run, only every 200th data point has been plotted for clarity. The ideal
curve, using Mn = 407 g/mol, and linear extrapolation from the lowest
concentration run to n = 0 atm at 0 wt% are also shown.
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Then all subsequent curves can be shifted (see Appendix B) to generate a master curve
(Figure 2.
1
b). When there is a concentration gap between two data sets, we have
linearly extrapolated to the midpoint of the gap to determine the osmotic pressure shift
of the higher concentration data set.
Experimental Section
Materials
Polyethylene glycol) (PEG) ofMW 400 (Fluka, Ph Eur grade) and 8000 g/mol
(Fluka, MicroSelect for Molecular Biology) were used as received. Solutions were
prepared by mixing PEG with deionized water (mass / mass). All concentrations are
reported as wt% PEG.
Sedimentation Equilibrium
Sedimentation equilibrium measurements were performed using a Beckman
Optima XL-I analytical ultracentrifuge, equipped with a Rayleigh interference optical
system (k = 675 nm) and temperature control from 0 to 40 °C. A 4-hole Beckman An-
Ti 60 rotor with 12 mm Epon charcoal-filled standard double-sector centerpieces and
sapphire windows were used. A 3 mm Epon charcoal-filled standard double-sector
centerpiece was used in a few runs for comparison.
The mass of PEG solution loaded into the sample compartment of each cell was
used to calculate the meniscus concentration with Equation 2.12. A typical loading
mass was 0.4 g (-400 fxl) whereas approximately 425 jil of deionized water was loaded
14
into the reference compartment, ensuring that the optical path difference is always taken
between the sample and water. Four cells were run simultaneously at 42,000 rpm for
both PEG 400 and PEG 8000. Some experiments were performed at lower speeds to
determine the effect of hydrostatic pressure on the osmotic pressure. Data was collected
at five different temperatures (10, 20, 30, 35, 40 °C) with radial scans taken at constant
time intervals. Sedimentation equilibrium was confirmed using a program called
30MATCH. Typical equilibration time at 42,000 rpm was approximately 72 hours for
PEG 400 at 20 °C and an additional 24 to 48 hours after each temperature change. At
this speed, 144 hours were needed for full equilibration ofPEG 8000 at 20 °C and an
additional 48 to 84 hours were necessary for equilibration after each temperature
change. Some runs were concluded by re-equilibrating at the starting temperature (20
°C) to confirm that neither the duration of the run nor the temperature history had an
effect on the measured osmotic pressure. The radial scans for each sample run
contained about 1500 data points. For clarity, some figures show data sets with only
every 200th point plotted and this has been stated in the corresponding figure caption.
Density and Refractometry Measurements
The density and refractive index of PEG 400 and PEG 8000 solutions were
measured as functions of Ci and temperature Tto obtain dp(T) 1 3c2 and dn(T) I dc2 ,
respectively (see Tables 2.1 and 2.2), which are used to calculate AU(T) and Ac2(T) by
Equation 2.5 and Equation 2.7, respectively. Density was measured using a series of
PEG 400 and PEG 8000 solutions (prepared in 10 wt% increments from 0 to 50 wt%)
along with a 2 mL round-bottom flask and a water bath. Based on reference values for
15
the density of water as a function of temperature, 3
1
a correction factor was applied to the
solution densities at each measured temperature to correct for any changes in the
containing volume of the volumetric flask with temperature. This method is not as
accurate as a U-tube densitometer but we are able to calculate dp(T) I dc
2 to ± 0.005
resulting in about 3% relative error in An. Refractive index measurements were made
using an Abbe refractometer containing a prism assembly connected to a water bath.
The refractometer measures the refractive index at 589 nm while the ultracentrifuge
interference optics has a wavelength of 675 nm. We assume the wavelength
dependence to be negligible and estimate an error in dn(T) I dc2 of ± 0.001 mL/g. This
results in a relative error in Ac2 of less than 1%.
Table 2.1. PEG 400 Parameters: Temperature
r(°c) dn 1 dc2 (mL/g) dp 1 dc2
10 0.137 0.167
20 0.134 0.162
30 0.132 0.152
35 0.131 0.152
40 0.129 0.152
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Table 2.2. PEG 8000 Parameters: Temperat
r(°c) dn 1 3c2 (mL/g) dp 1 dc2
10 0.142 0.172
20 0.140 0.160
30 0.138 0.158
35 0.137 0.157
40 0.136 0.157
Results and Discussion
Osmotic Pressure of PEG
When shifting the data in osmotic pressure to obtain the master curve, the lowest
concentration data set is used to linearly extrapolate to 0 wt% at n = 0 atm (Figure
2.1b). The slope of this extrapolation for PEG 400 at 20 °C gives dll I dc 2= 6.8 J/g and
this corresponds to an apparent molecular weight Mapp = 360 g/mol using Equation 2.2.
By fast atom bombardment (FAB) mass spectrometry (JMS700 MStation, JEOL) (see
Appendix C) the number-average molecular weight M n = 407 g/mol (PDI = 1.07),
which was used to draw the ideal solution curve in Figures 2.1a and 2.1b for
comparison. The osmotic pressure for PEG 400 is observed to quickly diverge from
ideality as concentration increases.
Comparing the osmotic pressure data obtained by SE for PEG 400 at 20 °C to
that obtained previously by Parsegian et al. using vapor pressure osmometry (VPO) at
the same temperature
1
'
22 (Figure 2.2a), it can be seen that there is good agreement
17
between the two techniques. At higher wt% PEG, the VPO data is slightly lower in
osmotic pressure than the SE data, but the difference does not exceed 7% relative to the
SE data. The osmotic pressure ofPEG 8000 obtained by SE and that previously
obtained by VPO22 (Figure 2.2b) do not agree as well as the data for PEG 400.
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Figure 2.2. Plots ofn vs. wt% for (a) PEG 400 and (b) PEG 8000 at 20
°C as determined by SE compared to the VPO data for PEG 400 and
8000, respectively, at 20 °C.
18
However, it should be noted that the PEG 8000 used in the VPO measurements is from
a different supplier and of a different grade. Therefore, polydispersity and impurities
may contribute to the observed differences.
The temperature dependence ofn for PEG 400 and 8000 is shown in Figure 2.3
a
20 30
wt%
40 50
b
wt%
Figure 2.3. Temperature dependence of n for (a) PEG 400 and (b) PEG
8000. Error bars have been omitted for clarity. Osmotic pressure is
observed to decrease with increasing temperature. This effect becomes
more pronounced at higher concentrations.
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Error bars have been omitted from these figures for clarity. After accounting for the
error by using a mass balance to determine concentration, as well as the error in
dn I dc2 and dp I dc2 , (see Appendix D) the relative error in wt% PEG is no more than
0.1% and does not exceed 1% in IX These errors are less than those in Ac2 and An
because the data is shifted to an absolute scale. The tabulated form of the n data for
PEG 400 and PEG 8000 is given in Tables 2.3 and 2.4, respectively. The osmotic
pressure is found to be relatively independent of temperature up to about 15 wt% for
PEG 400 and up to about 10 wt% for PEG 8000.
Table 2.3. PEG 400 Osmotic Pressure Data
wt% n (atm)
10 °C 20 °C 30 °C 35 °C 40 °C
5 3.69 3.74 3.65 3.70 3.71
10 8.55 8.52 8.17 8.24 8.23
15 14.9 14.7 13.8 13.9 13.8
20 23.2 22.6 21.0 21.0 21.0
25 34.0 32.8 30.2 30.0 30.0
30 48.1 45.9 42.0 41.5 41.2
35 66.7 63.1 57.3 56.4 55.6
40 91.9 86.3 77.7 76.2 74.8
45 125 117 104 102 99.6
50 172 159 141 137 133
20
Table 2.4. PEG 8000 Osmotic Pressure Data
wt% 11 (atm)
10 °C 20 °C 30 °C 35 °C 40 °C
5 0.445 0.407 0.385 0.373 0.367
10 1.63 1.44 1.31 1.25 1.19
15 3.95 3.43 3.08 2.89 2.74
20 7.91 6.78 6.04 5.66 5.33
25 14.1 12.0 10.7 10.0 9.43
30 23.3 19.9 17.6 16.6 15.6
35 36.7 31.3 27.8 26.1 24.7
40 56.7 48.2 42.9 40.4 38.3
45 85.8 72.5 64.5 60.8 57.8
50 126 106 94.3 89.2 84.8
54 173 144 127 121 115
The difference in values found for PEG 400 (up to 15 wt%) with changing temperature
(see Table 2.3) is within the error in 11. Above these concentrations, the observed
decrease in osmotic pressure with increasing temperature is attributed to the release of
structured water molecules from the PEG. The positive entropy difference between
bulk and structured water drives this release.
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Similar to Michel and Kaufmann, 15 ' 16 the n curves for PEG 400 (Figure 2.3a)
can be fitted to a multivariable polynomial expression as a function of the PEG-to-water
ratio G, where G = wt% / (100 - wt%), and Tto obtain
n =-1.36G2r+ 117.2G2 +67.8G (2.14)
which is valid over a range of 0 < G < 1 .08 (0 < wt% < 52) and 10 < T < 40 °C. This
equation simplifies the conversion from wt% to n at a given temperature and is found
to have an average error of 2% compared to the actual data. The maximal error is 6%,
which occurs for calculations near 1 wt% at 10 °C and the error does not exceed 4%
above 10 wt% for all temperatures. Likewise, the U data for PEG 8000 (Figure 2.3b)
can be fitted to the following expression
n =-1.38G2r + 134.3G2 +3.0G (2.15)
which is valid for 0. 1 1 < G < 1 . 1 8 (10 < wt% < 54) and 10 < T < 40 °C. This equation
has an average error of4% compared to the actual data. The maximal error is 1 5% and
the error does not exceed 9% above 20 wt% for all temperatures. However, because the
above equation is not reliable for concentrations below 1 0 wt%, another fit was made
for 0.03 <G< 0.25 (3 < wt% < 20) and 10 < T< 40 °C
n =-1.29G2r + 127.6G2 + 2.0G (2.16)
This equation has an average error of 4%, a maximal error of 25% and the error does
not exceed 19% above 4 wt% for all temperatures.
Hydrostatic Pressure
The effect of hydrostatic pressure P on the osmotic pressure is a potential
concern in these SE experiments, especially since P is proportional to (rpm) . It has
22
even been suggested that P can change the solubility of PEG." At 42,000 rpm a
pressure difference AP - 150 atm exists between the cell bottom and meniscus (see
Appendix E). To investigate changes in n with P, several runs with PEG 8000 were
performed at slower rotor speeds and at 20 °C to compare to the 42,000 rpm data at this
temperature. Runs in the 1 to 25 wt% range at 20,000 rpm, where AP « 34 atm, were
used to construct a master curve which showed no significant deviation from the
original master curve obtained at 42,000 rpm (Figure 2.4).
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Figure 2.4. Plots ofn vs. wt% for PEG 8000 at 20 °C and speeds of
20,000 and 42,000 rpm. Only every 200
th
data point, along with the last
data point, for each sample run at 20,000 rpm has been plotted for
clarity. The data at 20,000 rpm have been used to create a master curve
up to 25 wt%. This curve follows the original master curve generated
from data collected at 42,000 rpm (see inset for a closer comparison).
Since hydrostatic pressure P is proportional to (rpm)
2
,
the independence
ofn on angular velocity shows that P is not significant at least up to P =
1 50 atm.
The independence ofn on speed demonstrates that P does not significantly affect n, at
least for P < 150 atm. There are larger gaps between individual data sets collected at
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lower speeds that require further extrapolation when determining the shift in n. We
expect that the two curves would show even better agreement if more data sets were
collected over this concentration range at this speed. Other runs in the 45 to 50 wt%
range were performed at 10,000 and 5,000 rpm (not shown). The data obtained at
10,000 rpm seemed to have the same slope as at 42,000 rpm, but it was difficult to
compare because the error in wt% was almost as large as the concentration gradient
formed within the cell. The 5,000 rpm data could not be compared at all because the
error in wt% was larger than the concentration gradient formed. Also, several runs with
PEG 400 in the 35 to 45 wt% range were performed at 33,600 rpm and 20 °C (not
shown) and were found to agree well with the corresponding data at 42,000 rpm. The
comparisons made with VPO data are also a good indication that hydrostatic pressure
does not influence osmotic pressure significantly.
Measuring Salt Effects on Osmotic Pressure
Since low molecular weight species do not form a concentration gradient in a
centrifugal field, it should be possible to measure the osmotic pressure of osmolytes at
constant salt activity using SE. Only interactions between the salt and osmolyte through
the change in osmolyte osmotic pressure then would be observed. To investigate this,
we measured the osmotic pressure of PEG 35,000 (Figure 2.5) and PEG 8,000 (Figure
2.6) at 20 °C with varying NaCl concentration using the parameters in Tables 2.5 and
2.6, respectively, obtained at the same temperature.
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Table 2.5. PEG 35,000 Parameters: NaCl
/(M NaCl) dn I dc2 (mL/g) dp I dc2
6 0~l40 0.167
0.2 0.136* 0.177*
0.5 0.134 0.179
1-0 0.134* 0.180*
* —
—
The values for 0.2 and 1.0 M NaCl are interpolated and
extrapolated, respectively, from the actual 0 and 0.5 M NaCl values.
Table 2.6. PEG 8,000 Parameters: NaCl
/ (M NaCl) dn 1 dc2 (mL/g) dp 1 dc2
0 0.140 0.160
0.15 0.138* 0.161*
0.50 0.133 0.162
The values for 0.15 M NaCl are interpolated from the 0 and 0.5 M
NaCl values.
At a given PEG 35,000 concentration there is an apparent increase in n with
increasing NaCl concentration. The data at 0 M NaCl were fitted to a multivariable
polynomial expression
n = 44.44G3 + 79.3G 2 + 3. 1G (2. 1 7)
which is valid over a range of 0.05 < G < 0.23 (5 < wt% < 19) at 20 °C. This equation
has an average error of6% compared to the actual data.
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Figure 2.5. Plot ofn vs. wt% for PEG 35,000 at 20 °C with varying
NaCl concentration as determined by SE.
There is also an apparent increase in n with increasing NaCl concentration for PEG
8,000 (Figure 2.6) and the effect seems to become more significant at higher PEG
concentration. However, the PEG 35,000 and PEG 8,000 osmotic pressure curves
calculated for nonzero NaCl concentration are based on the assumption that there is no
salt gradient forming within the AUC sample cell. In fact, a preferential exclusion of
the salt from the PEG could give a negative NaCl concentration gradient within the cell
that would iead to an apparent increase in n. This ambiguity could be resolved if there
was a method to measure the PEG and NaCl concentration independently, such as using
UV labeled PEG. We tried a simpler approach using sodium benzoate, which has a UV
absorbance maximum at 224 nm, to be representative of NaCl. SE runs were performed
on aqueous PEG 8,000 solutions containing 0.5 M NaCl and 0.1 mM sodium benzoate
but unfortunately the results were inconclusive because the absorbance maximum of
sodium benzoate was found by (JV-visible spectroscopy to shift with PEG
26
concentration (not shown). Similar problems may be encountered ifUV labeled PEG
were used.
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Figure 2.6. Plot ofn vs. wt% for PEG 8,000 as a function of NaCI
concentration at 20 °C as determined by SE.
Conclusions
We have used sedimentation equilibrium to measure the effect of temperature on
the osmotic pressure of aqueous solutions of PEG 400 and 8000. As temperature
increases, the osmotic pressure of PEG decreases due to the release of structured water
molecules from the polymer chain. No significant differences in osmotic pressure were
observed with changes in hydrostatic pressure up to P ~ 150 atm. Using our method, it
should be possible to measure the temperature dependence of osmotic pressure for other
molecular weights of PEG as well as for other osmolytes. These measurements should
prove useful in expanding the versatility of the osmotic stress technique.
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CHAPTER 3
OSMOTICALLY INDUCED HELIX-COIL TRANSITION IN POLY(AMINO
ACID)S
Overview
We have chosen poly(glutamic acid) as a model system to study the helix-coil
transition as a function of osmotic pressure, temperature, and pH. We have investigated
this transition by circular dichroism (CD) spectropolarimetry. Osmotic pressure is used
to vary the activity of water, and it is applied using a neutral osmolyte, such as
poly(ethylene glycol), in solution. The energetics of this transition allow us to
determine the number of water molecules associated with the conformational change.
We found that osmotic pressure raises the helix-coil transition temperature by favoring
the more compact a-helical state over the more hydrated coil state. We have extended
our studies to poly(lysine) and the random copolymer poly(glutamic acid-r-alanine).
Introduction
In order to survive changes in their aqueous environment, bacteria have to sense
and actively counteract external osmotic pressure. ' For this, protein conformational
changes have to be coupled to their hydration. The osmotic stress technique has been
used previously to study hydration changes accompanying oxygen binding to
hemoglobin4
"6
and glucose binding to hexokinase.
7
'
8 Measurements of hydration
changes accompanying the binding of oxygen to the allosteric protein hemoglobin has
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revealed approximately 65 water molecules also bind during the transition from the
fully deoxygenated tense state to the fully oxygenated relaxed state. This change in
hydration is consistent with solvent accessible surface area calculations as well as
quartz crystal microbalance (QCM) measurements.9 Reid and Rand have shown that
glucose affinity of the enzyme hexokinase increases with lowered water activity and
about 326 water molecules are released upon substrate binding. 8 These are many more
waters than can be accounted for by closing the glucose-binding pocket and indicates a
large protein conformational change accompanies binding. In the absence of glucose,
osmotic pressure alone was sufficient to cause this conformational change. This work
of dehydration was found to be on the order of one kBTper hexokinase molecule,
suggesting thermal fluctuations allow the protein sufficient conformational flexibility to
explore a number of different hydration states. The importance of water also has been
illustrated in the cytochrome c oxidase reaction, 10 where conformational changes of the
enzyme are believed to play a key role, as well as in the modulation of alamethicin
ill \1
channels and the B-Z transition in a methylated polynucleotide.
We investigate at a fundamental level the role of water in protein structure by
studying the helix-coil transition in poly(glutamic acid) using osmotic stress. Since the
oc-helix has a well-defined repeat structure, we can calculate the change in hydration per
residue involved in the thermal denaturation of the a-helix. These measurements
provide a more quantitative basis for thinking about the involvement of water in protein
folding and stability, which should be useful for protein structure prediction
• 1
3
incorporating water-mediated interactions.
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Experimental Section
Materials
Poly-L-(glutamic acid) (PGlu, Sigma) of two molecular weights (Mn = 54,400
and 61,200 g/mol), poly-L-lysine (PLys, Sigma, Mn 210,500 g/mol), and a random
copolymer of glutamic acid and alanine, poly-L-(glutamic acid-r-alanine), with a 42%
molar percentage of alanine residues (PGluAla, Sigma, Mn 30,000 g/mol) were all used
as received. Monosodium phosphate (Fisher), disodium phosphate (EM Science),
acetic acid (glacial, Mallinckrodt), sodium acetate (Sigma), disodium
ethylenediaminetetraacetic acid (Na2EDTA, Sigma, Molecular Biology grade), sodium
chloride (Mallinckrodt), and polyethylene glycol) (PEG) ofMW 400 (Fluka, Ph Eur
grade), 3,000 (Fluka, MicroSelect), and 8,000 (Fluka, MicroSelect for Molecular
Biology) also were used as received.
Poly(amino acid) Solution Preparation
Aqueous poly(amino acid) solutions of 1 mM (of residues), 10 mM buffer
(sodium acetate for pH 5.0, sodium phosphate for pH 5.8-7.0), 1 mM Na2EDTA, 0.5 M
NaCl were prepared using MilliQ grade water. Osmotic pressure was applied by adding
PEG 400 to the 1 mM poly(amino acid) solutions. All concentrations of PEG 400 are
reported in wt%. These solutions were allowed to equilibrate for four days before
circular dichroism measurements. The osmotic pressure of the aqueous PEG 400
solutions, and its temperature dependence, was determined separately by SE
ultracentrifugation (Beckman Optima XL-I) 14 as described in Chapter 2. The osmotic
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pressure of PEG 400 solutions greater than 55 wt% (n > 20 MPa) were estimated by
extrapolating Equation 2.14. Osmotic pressure was also applied using PEG 3,000 and
8,000, and these solutions were allowed to equilibrate for seven days. The osmotic
pressure of the aqueous PEG 3,000 and 8,000 solutions were determined by VPO 15 and
SE ultracentrifugation, 14 respectively.
Circular Dichroism Measurements
Circular dichroism spectropolarimetry measurements were made on the
poly(amino acid) solutions using a Jasco J-715 spectropolarimeter equipped with a
Peltier temperature controller (Jasco PTC-348WI). A quartz cuvette with a 2 mm
pathlength was used. Wavelength scans were performed at 20 °C from 260 to 195 nm
using a step resolution of 0.2 nm, speed of 20 nm/min, 50 mdeg sensitivity, and 4
accumulations. Temperature scans were performed at 222 nm from 4 to 65 °C at a rate
of 1 °C/min, resolution of 0. 1 °C, and 1 accumulation. All other settings were the same
as those used for the wavelength scans. Mean residue ellipticity (6) was calculated
from the background subtracted ellipticity 0
(6) = 10-
4
— (3.2)
where c — concentration of poly(amino acid) relative to the total amount of solution
(water and PEG 400) and I = pathlength. The fraction of a-helical poly(amino acid)
segmentsfh was calculated
,
[OTm-W.]
A fn-w«]
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where the measured mean residue ellipticity at 222 nm (0)222 was normalized by the
mean residue ellipticity for a completely random coil (0)c and a-helical (0)„ system at
the same wavelength and temperature.
Solvent Accessible Surface Area Calculations
The solvent accessible surface (SAS) area of PGlu and PGluAla molecules with
20, 40, and 60 residues and having a fully extended (all trans) conformation, to
approximate the random coil state, or an ideal a-helical backbone conformation were
performed using the MSMS program 16 with a probe sphere radius of 1 .5 A to
approximate a water molecule. The coordinates for the extended and a-helical
conformations were generated using the R1BOSOME program, 17 where all glutamate
side groups were set to an extended conformation using torsion angles of %o = -122.5°,
%i = 180°, and %2 = 180°. For PGluAla, %0 was set to -122°. The change in SAS area
with the number of residues for each state gave the SAS area per residue.
Results and Discussion
Osmotically Induced a-Helix in Poly(glutamic acid)
From about pH 6 and higher, poly-L-(glutamic acid) (PGlu) is natively a random
coil where electrostatic repulsion forces generated by the negatively charged glutamate
side groups favor this higher entropy state. The random coil conformation also relies on
a high degree of hydration for stability. Osmotic pressure fl is applied by the addition
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of PEG, which acts as a neutral osmolyte to lower the activity of water in solution and
make the energy of interaction with the water molecules more costly for PGlu. This
results in PGlu adopting the lowered entropy cc-helical state to gain the energy of
intramolecular hydrogen-bonding interactions and require less water for stability
(Figure 3.1). Since the concentration of PGlu (1 mM of residues with respect to water)
is sufficiently dilute compared to the concentrations of osmolyte used (20-60 wt% PEG
400), with about 100,000 PEG 400 chains to every PGlu chain, any perturbations of the
osmolyte by the presence of PGlu are negligible. Also, within this dilute regime, the
PGlu molecules will act independently of one another, eliminating the need for a
dialysis membrane. 18
nt
Figure 3.1. Osmotically induced transition from the random coil to a-
helical state in PGlu. As osmotic pressure is applied, the activity of
water in solution is lowered. Since the random coil state relies on
hydration for stability, this results in PGlu adopting the lowered entropy
a-helical state to gain the energy of intramolecular hydrogen-bonding
interactions and thus requiring less water for stability. The dimensions
of the a-helix (pitch of 5.4 A, radius of 3 A), water molecules (radius of
1.5 A), and osmolyte molecules (radius of gyration Rg = 8.1 A for PEG
400, from Bhat et al.
19
) are drawn to scale for comparison.
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CD spectra of PGlu at pH 5.8 show the transition from a random coil to ct-
helical conformation with increasing PEG 400 concentration (Figure 3.2a).
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Figure 3.2. (a) CD spectra for PGlu (M„ 61,200 g/mol) at pH 5.8 show
the transition from random coil to a-helix as PEG 400 concentration is
increased from 0 to 80 wt%. (b) The CD signal at 222 nm shows this
transition to be sigmoidal with PEG 400 concentration.
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The signal at 222 nm is the most sensitive to this transition where changes in (0)222 with
PEG 400 concentration are observed to be sigmoidal (Figure 3.2b). The fraction
helicity can be estimated from (0)222 using Equation 3.3.
The importance of electrostatic interactions in the helix-coil transition of PGlu
can be seen by the increase in osmotic pressure required to induce the a-helical state
the solution pH is increased from pH 5.0 to 7.0 (Figure 3.3).
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Figure 3.3. Effect ofpH on the helix-coil transition under applied
osmotic pressure. Fraction helicity increases with increasing osmotic
pressure, as shown for PGlu (Mn 54,400 g/mol) at pH 5.0, 6.0, and 7.0 at
20 °C. Osmotic pressure values above about 20 MPa (55 wt% PEG 400)
are approximate since they are calculated by extrapolating a fit to the
lower PEG 400 concentration data (see Experimental Section).
The helix-coil transition point (fh = 0.5) at 20 °C is raised from n = 1 .3 MPa at pH 5.0
to n = 21 MPa at pH 6.0. In fact, at pH 7.0 to reach the transition point it requires n >
1 00 MPa, which is the upper limit in the range of osmotic pressures capable with PEG
400. The ability to induce the a-helical state by a means other than lowering pH
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provides a way of studying the helix-coil transition under conditions where electrostat
interactions are significant. The CD spectra for the data in Figure 3.3 are given in
Appendix F (see Figures F.1-F.3). Additionally, it was found that osmotic pressure
could be used to induce the a-helical state in the D-form of PGlu (see Figures F.4 and
F.5).
1C
Other molecular weight PEGs also were used to induce the a-helical state in
PGlu. PEG 3,000 and 8,000 were capable of inducing partial helicity, but the limited
range of osmotic pressures that can be applied with these higher molecular weight PEGs
prevents them from bringing PGlu above the helix-coil transition point (Figure 3.4).
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Figure 3.4. Osmotic pressure induced helicity in PGlu (Mn 54,400
g/mol) at pH 6.0 using other molecular weight PEGs. Since fraction
helicity is relatively independent of PEG molecular weight for the low
osmotic pressures, the effect seems to be osmotic with the same
hydration volume being probed by all of the PEGs.
However, it can be seen that PGlu fraction helicity is relatively independent of PEG
molecular weight for the low osmotic pressures, which indicates the effect is osmotic
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and not due to crowding or preferential hydration effects. In the latter cases, osmolyte
exclusion from the PGlu surface would actually drive the transition from the random
coil to cc-helical state in order to lower the excluded volume around PGlu. As such,
these types of effects would be dependent on the osmolyte size (and chemistry in the
case of preferential hydration) and a higher fraction helicity would be observed with
increasing PEG molecular weight for a given PEG concentration. There is most likely
exclusion of PEG from the exposed surfaces of PGlu regardless of the mechanism, but
the important difference in the case of osmotic pressure is that there is little to no
difference in exclusion from these surfaces between the random coil and cc-helical
states. Therefore, the experiment is equivalent to having a dialysis membrane enclosing
each individual PGlu molecule from the PEG 400 solution. As such, there is no
dependence on PEG molecular weight and so the same hydration volume is being
probed by all of these PEGs. This allows us to distinguish the mechanism of action by
PEG on PGlu as being osmotic in nature.
Osmotically Induced a-Helix in other Poly(amino acid)s
The helix-coil transitions of poly-L-lysine (PLys) and poly-L-(glutamic acid-r-
alanine) (PGluAla) also were studied as a function of osmotic pressure. The ability to
induce the cc-helical state in PLys using osmotic pressure (Figure 3.5) indicates that the
addition of PEG 400 to lower water activity initiates a similar response in both
polyanions and polycations capable of forming an cc-helix. Based on the pKa of lysine
(~ 10.5) and glutamic acid (~ 4.4), PLys at pH 8.5 will have approximately the same
degree of ionization as PGlu at pH 6.4. This means the work of PLys dehydration
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required to reach the a-helical state should be between that observed for PGlu at pH 6
and 7 if only electrostatic interactions between side groups are important. In fact, this i
what is observed in Figure 3.5.
1 0-1 .
pH 6, PGlu
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Figure 3.5. PLys fraction helicity as a function of applied osmotic
pressure at pH 8.5 compared to PGlu at pH 6 and 7. The degree of
ionization for PLys at pH 8.5 is comparable to PGlu at pH 6.4.
PGluAla has a 42% molar percentage of alanine residues, which reduces the
charge density of the copolymer compared to PGlu at the same pH. The resulting
decrease in electrostatic repulsion between side groups should make it easier to induce
the a-helical state in PGluAla. However, the osmotic pressure required to induce the a-
helical conformation in PGluAla at pH 6 and 7 is similar to PGlu at the same pH
(Figure 3.6). Since the helical propensity of alanine is higher than glutamic acid, it is
believed that forces other than electrostatic interactions are important in the helix-coil
transition for the random copolymer. One possibility is that the hydrophobic ity of
alanine impedes the recruitment of water molecules by glutamate, thus disrupting the
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water structure around the glutamate side groups. As a result, the propensity for the
copolymer to form an ct-helix is diminished, which becomes apparent under osmotically
stressed conditions.
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Figure 3.6. PGluAla fraction helicity as a function of applied osmotic
pressure at pH 6 and 7 compared to PGlu. Similar osmotic pressures are
required to induce the oc-helical conformation in PGluAla compared to
PGlu at the same pH even though the effective degree of ionization of
the copolymer is only about 60% compared to PGlu at the same pH.
Energetics of the Helix-Coil Transition in Poly(amino acid)s
To ensure that the PGlu helix-coil transition is thermally reversible, a series of
CD heating and cooling scans were performed for pH 5.0 with no added PEG 400
(Figure 3.7). CD spectra at various temperatures are given in Appendix F (see Figure
F.6). The observed thermal reversibility indicates PGlu is a good system for thermal
studies. Thermal reversibility was also observed in the presence of PEG 400 (data not
shown).
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Figure 3.7. CD heating and cooling scans for PGlu (M„ 54,400 g/mol) at
pH 5.0 monitored at 222 nm. The scans demonstrate that the helix-coil
transition in PGlu is thermally reversible.
By inducing the cc-helical state with osmotic pressure and then following the
helix-coil transition as a function of temperature, it was found that the presence of the
osmolyte stabilizes the compact a-helical conformation by raising the temperature at
which it denatures, or melts back to the random coil (Tm) (Figure 3.8). Similar thermal
stabilizing effects have been shown for proteins in the presence of glycine, sarcosine,
*y i
A^vV-dimethylglycine, and betaine, as well as chemical stabilization with
trimethylamine TV-oxide.22, 23 Increases in Tm up to around 80 °C with 60 wt% PEG 400
at pH 5.8 were observed; indeed no helicity was found at this pH in the absence of any
osmolyte. This increase in thermal stability is attributed to the higher cost of water
molecules for PGlu due to the applied osmotic pressure, and it is exactly this effect that
can be probed in order to quantitatively determine the significance of hydration for the
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themial melting of the PGlu a-helix. The CD signal at 222 nm as a function of
temperature used to estimate fraction helicity in Figure 3.8 is given in Appendix F (see
Figure F.7).
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Figure 3.8. Thermal denaturation of the PGlu a-helix at pH 5.8 with
applied osmotic pressure. PGlu (M n 61,200 g/mol) is induced into an a
helix by the addition of 25-60 wt% (in increments of 5 wt%) PEG 400.
The presence of the osmolyte is seen to stabilize the oc-helical state by
increasing the temperature at which it melts back to the random coil
At Tm , the thermal energy required to melt an cc-helical segment to a random coil
A£hc = TmAS, where AS is the change in entropy per residue, is equal to the enthalpy per
residue AH originating from the hydrogen bonding that stabilizes the cc-helical state.
Using the Ising model for infinite chains, AS can be calculated as
(3.4)
/„ = 0.5
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where o is the cooperativity parameter and d/h/dris evaluated at the transition point.24
The cooperativity parameter is a measure of the free energy penalty in creating a helix-
coil interface with l/o giving the average helical length in terms of the number of
helical segments. We use o = 3 x 10" 3 for PGlu and PGluAla as determined
experimentally by Snipp et al. for high molecular weight PGlu and leucine-glutamic
acid copolymers in aqueous solution and found to be independent of NaCl
* 25
concentration. Considering AS to be a constant over the temperature range
investigated, the product Tm x (dfh/dl) in Equation 3.4 should be a constant. The slope
dfJdT is most easily evaluated in the absence of any osmolyte so that a correction for
the temperature dependence of the osmotic pressure is not necessary. 14 At pH 5.0 with
n = 0 MPa (Figure 3.7), where Tm = 5 °C, the slope d/h/dr= 1 .4 x 10"2 K" 1 giving AS =
1 kB . Similar AS values were calculated for the coil-to-helix transition in poly(alanine)
using calorimetric measurements (-2.2 cal/mol/K)26 and molecular dynamics
simulations (-2.1 1 cal/mol/K), both giving a loss of 1.1 kB during ot-helix formation.
The change in A£hc with osmotic pressure at Tm (Ylm) allows the number of water
molecules per residue associated with the transition (ANW) to be calculated from
^ = vwA^ (3.5)
dl 1
where vw is the molecular volume of water (=30 A 3 ) (Figure 3.9). See Appendix F for
the PGlu thermal denaturation data at pH 5.0 (Figure F.8) used to calculate A£hc and nm
at the pH of Figure 3.9. Since osmotic pressure data are available between 0-15 MPa
and 10^40 °C, 14 to avoid error in extrapolating the helix-coil transition data obtained
w
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around these ranges were used in calculating A/Vw . Experimentally, A£hc is found to
vary linearly with nm , meaning the calculated ANW is a constant over the osmolyte
concentrations used, and any interactions between the osmolyte and PGlu are of equal
magnitude for the two conformational states of PGlu, thus allowing interpretation as
simply an osmotically induced effect. 18
For PGlu, it was found that A7VW = 3.6 ± 0.8 water molecules per residue at pH
5.0 and A7VW = 8.1 ± 0.6 water molecules per residue at pH 5.8. These values
quantitatively show the number of waters that associate with PGlu upon the transition
from an cc-helix to a random coil (and conversely, the number of waters that dissociate
from PGlu upon adoption of the cc-helical state). It also indicates that hydration is mon
important at higher pH, since approximately twice the number of water molecules are
involved in the transition at pH 5.8, compared to pH 5.0. This is reasonable given that
the charge density of PGlu is higher at pH 5.8, which means more water molecules are
recruited by the charged glutamate side groups. Based on NMR measurements,
estimates of 7 water molecules per glutamate and 2 water molecules per glutamic acid
group have been reported. It is then reasonable to imagine that an upshift in pKa (~
4.4 for glutamic acid) occuring during the transition from a random coil to cc-helix
would account for the difference in the measured number of water molecules between
pH 5.0 and 5.8. At pH 5.0, a slight upshift in pKa would make PGlu almost completely
protonated even in the random coil state. At pH 5.8, PGlu would still remain almost
fully charged in the random coil state but would have to become approximately 80%
protonated in the a-helical state to have an average charge-charge separation of 7 A,
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which is the Bjerrum length in water. This degree of protection then could explain the
observed difference in ANW between pH 5.0 and 5.8. To test this reasoning, it would be
useful to obtain titration curves for PGlu so that the actual shift in pKa could be
determined and used to calculate an electrostatic energy. For PGluAla at pH 6.0, AN„ =
1.8 ± 0.3 water molecules per residue, which can be explained by the slightly
hydrophobic nature of the alanine residues as described earlier.
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Figure 3.9. Thermal energy required to melt the oc-helix (A£hc) for PGlu
at pH 5.0 and 5.8 (Mn 54,400 and 61,200 g/mol, respectively) and
PGluAla at pH 6.0. The change in energy per residue with osmotic
pressure at the helix-coil transition temperature Tm gives the change in
water volume per residue that accompanies the thermal transition (AKW).
Using the molecular volume of water (vw ~ 30 A3 ), the number of water
molecules per residue that associate with PGlu and PGluAla upon
melting (A/Vw) can be calculated.
Changes in Solvent Accessible Surface Area
Because there is an appreciable difference in solvent-exposed surface area
between a random coil and an cc-helix, the difference in solvent accessible surface
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(SAS) area between the random coil and cc-helix was calculated using the MSMS
program 16 (Figure 3.10). For PGlu, this results in 159.71 A 2 and 1 15.44 A2 per residue
for the extended and cc-helical conformations, respectively. With the surface area of a
water molecule being about 9 A2
,
the difference in SAS area gives ANW = 4.9 water
molecules per residue that are expelled as PGlu transitions to an a-helix. Variations in
the glutamate side group conformation results in a variability of± 2 water molecules p*
residue for the a-helix and negligible variability for the random coil. Therefore, the
calculated change in hydration is AyVw = 4.9 ± 2 water molecules per residue for the
PGlu helix-coil transition. This value is in close agreement with ANW determined
experimentally at pH 5.0 for PGlu and suggests that it is the first hydration layer being
probed in these osmotic stress experiments.
Number of residues
Figure 3.10. Solvent accessible surface (SAS) area calculations for PGlu
in the extended and oc-helical state as a function of the number of
residues. The slope gives the SAS area per residue. With a 9 A
2
surface
area of a water molecule, SAS area calculations give ANW = 4.9 water
molecules per residue associated with the helix-coil transition.
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The copolymer PGluAla gave Atfw = 4.6 ± 2 water molecules per residue with slightly
smaller SAS areas per residue (138.72 and 97.71 A2 for the extended and a-helical
conformations, respectively). Given the experimentally determined change in hydration
for PGluAla was about four times lower than PGlu around the same pH, this reinforces
the notion that forces other than electrostatic interactions are at play.
Conclusions
We have quantified the significance of hydration in the thermal denaturation of
the PGlu and PGluAla a-helix using the direct approach offered by the osmotic stress
method. The results compared well with the calculated change in solvent accessible
surface area between the random coil and a-helical states. This suggests that the first
hydration layer around PGlu is being probed in these osmotic stress experiments.
We have demonstrated the ability to use osmotic stress to measure hydration
changes occurring on a "per residue" level. This is possible because of the well-defined
repeat structure of the a-helix, but it certainly can be extended to investigate hydration
changes accompanying other simple conformational transitions such as the random coil
to (3-spiral inverse temperature transition described in Chapter 5. These results provide
a basis for further study of the helix-coil transition in poly(amino acid)s using osmotic
stress, and it is anticipated that protein structure prediction incorporating water-
mediated interactions can take advantage of our measurements. Overall, these studies
assist in developing a better understanding of the important role water plays in protein
structure and function.
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CHAPTER 4
CHIRAL INTERACTIONS WITHIN SHORT FRAGMENT DNA
CHOLESTERIC SPHERULITES
Overview
The nature of chiral interactions between chiral biopolymers, such as DNA,
protein a-helices, and rod-like virus particles, is not completely understood.
Furthermore, a clear relationship between molecular chiral interactions and the
properties of the resulting chiral mesophases is lacking. We present measurements of
short fragment (146 bp) DNA cholesteric spherulite structure and pitch as a function of
average DNA interaxial spacing and salt concentration in an effort to evaluate the chiral
contribution to the interaction between DNA molecules. It was found that increasing
ionic strength resulted in enhanced chiral interactions as evidenced by the decrease in
the cholesteric pitch for a fixed interaxial spacing. This is attributed to the features of
the helical charge pattern along DNA becoming more pronounced with greater
intramolecular electrostatic screening.
Introduction
Recently Kornyshev et al. formulated a theory of chiral interactions in
cholesteric liquid crystals of DNA. ' For cholesterics, the relevant free energy density
F is given by
F = -K21(n-(V*n) + 27ilP)
2
(4.1)
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where K22 is the twist elastic constant, n is the director field, and P is the cholesteric
pitch.
3 From the microscopic screened electrostatic interactions between two DNA
double helices they estimate K22 and the chiral torque Kt from the chiral interaction.
The cholesteric pitch is then given by P = 2nKjK
t
. However, the magnitude of the
pitch depends sensitively on the assumed distribution of condensed counterions on the
DNA molecules. The theory predicts cholesteric unwinding at the cholesteric to
isotropic and cholesteric to hexagonal transitions due to a loss of biaxial correlations
between DNA molecules. At intermediate interaxial spacings du a minimum in the
cholesteric pitch Pmin is found around d
t
= 3.5 to 3.7 nm, which is a reflection of the
pitch of the DNA double helix H. This originates from a maximum in the torque-to-
twist elasticity ratio found at a distance approximately equal to H.
In this study we are measuring P of short fragment (146 bp) DNA as a function
of di and salt concentration. This is a continuation of previous research from our group
on this system.
4 We chose DNA for this study because of its well-known structure and
charge placement. 5 From previous osmotic stress studies emerged a picture that the
interactions between DNA molecules in a liquid crystal can be understood in terms of
screened electrostatic interactions with additional contributions from bending
fluctuations. 1 ' DNA in monovalent salt solutions exhibits the following sequence of
liquid crystalline phases with decreasing DNA concentration: crystalline (hexagonal,
o
orthorhombic), hexagonal, line hexatic, cholesteric, blue phase, and isotropic. As
originally stated in Leonard et al, "By studying the cholesteric pitch and liquid
crystalline defect structures [of DNA], we hope to connect the microscopic helical
structure to the long-range order of its mesophase,"
4
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Experimental Section
:es was
DNA Droplets
Short fragment (146 bp) DNA prepared from chicken erythrocyt.
dissolved in 10 mM Tris base (HC1), 1 mM Na2EDTA (10-1 TE) at pH 7.0 with 300
mM sodium acetate at a DNA concentration of 5 mg/ml. DNA was precipitated and
washed with an ethanol/water mixture (3:1). Pellets (1 mg each) of short fragment
DNA were dried in a Speedvac (Savant Instruments) and re-suspended in 5 mL of 10 to
19 wt% polyethylene glycol) (M„ = 35,000 g/mol, PEG 35,000, Fluka, MicroSelect for
Molecular Biology) solutions containing 10-1 TE (pH 7.8) and 0.2 to 1.0 M NaCl. The
PEG 35,000 concentration controls the DNA density through osmotic stress. 9" 11
Cholesteric droplets were then generated by gently shaking the samples after an
equilibration time of five days.
Polarizing Optical Microscopy
Polarizing optical microscopy was performed with a Zeiss Axiovert SI 00 TV
inverted polarizing microscope (objective: Zeiss Plan-Neofluar 40 x / 0.85 pol)
equipped with an LC Pol-Scope retardance imaging system (CRI, Boston, MA), which
simultaneously measures the magnitude and direction of birefringence. The DNA
droplets and equilibrating PEG solution were prepared on glass slides using vacuum
grease to seal the samples under a coverslip. Birefringence images I(x,y) of individual
cholesteric droplets were Fourier transformed I{q
x ,qy )
and the pitch was measured
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using the location of the first maximum in the angular averaged power spectrum
Kq)l\q), with q
2
=q 2 + q
2
X-ray Scattering
Small-angle X-ray scattering (SAXS) measurements were performed on a
Rigaku RU-H3R rotating anode X-ray diffractometer equipped with an Osmic
multilayer focusing optic ((100 u\m) 2 point focus) and an evacuated Statton-type
scattering camera. The sample-to-detector distance was 460 mm, which corresponds to
a q range of 0.698 nm"'< ? < 6.25 nm"
1
with q = (4^/A)sin(0/2), where 0 is twice the
Bragg angle. The incident beam wavelength was 0. 1 54 nm, corresponding to 8 keV Cu
Ka radiation. Samples were sealed in glass capillaries to isolate them from vacuum.
Scattering patterns were acquired with 10 cm x 15 cm Fuji ST-Va image plates in
conjunction with a Fuji BAS-2500 image plate scanner, and intensity profiles were
obtained from radial averages of the scattering pattern intensities. The scattering
intensity profiles l(q) = \F(q)\
2
S(q) were fitted with a first-order Bessel function of the
first kind for the cylindrical form factor of DNA F{q) (radius = 1 nm) and a Lorentzian
peak for the structure factor S(q). The interaxial spacing was calculated from the Bragg
spacing dlirag% as d
x
= (2/
-Jl)dBrag°> assuming local hexagonal packing.
Results and Discussion
Cholesteric spherulites'
2
of short fragment DNA (Figure 4.1) are created by
surface tension between the liquid crystal and the PEG solution. 4 Both diametrical and
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radial defect lines 13 are found within the DNA cholesteric spherulites studied. Figure
4.1a shows a double spiral structure having a diametrical x disclination line of strength
= 1 located in the center of the spherulite. This defect line typically is seen at lower
DNA densities and penetrates through the full diameter of the spherulite perpendicular
to the viewing plane. A radial X disclination line of strength = 2 (Figure 4.1b) running
parallel to the viewing plane typically is observed at higher DNA densities.
Figure 4.1. DNA cholesteric spherulites bathed in (a) 1 1 and (b) 17 wt%
PEG 35,000 solutions (10-1 TE at pH 7.8, 0.5 M NaCl) (scale bar = 5
|im). The distance between two striations represents the cholesteric
pitch, which is about 2.7 urn for each of the spherulites shown. Both, (a)
diametrical and (b) radial % disclination lines are observed in the
spherulites.
Also, as the cholesteric to hexagonal transition is approached at the higher DNA
densities, birefringence in the center of the spherulites is lost. All of these results are
the same as those found by Leonard et al
4
Since the center of the spherulites should
maintain liquid crystallinity, they suggest that the center is a nematic phase oriented
perpendicular to the viewing plane where an enhancement of the cholesteric liquid
crystalline bending stiffness close to the transition is responsible for expelling
cholesteric twist.
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Figure 4.2 shows P of the DNA cholesteric spherulites as a function of FI for
0.2, 0.5, and 1
.0 M NaCl. Osmotic pressure was calculated from the data in Figure 2.5
for PEG 35,000 with varying NaCl concentration. Raising n increases the DNA
density due to removal of water from within the liquid crystalline array. For these salt
concentrations, P is found to vary between 2 to 5 urn within d{ = 3.3 to 4.9 run (Figmv
4.3). Increasing ionic strength reduces electrostatic repulsion between DNA molecules,
which allows them to pack more tightly.
4.0
3.5
E
Q_ 3.0
2.5
2.0
• 0.2MNaCI
0.5MNaCI
a IMNaCI
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Figure 4.2. Cholesteric pitch of short fragment DNA as a function of
osmotic pressure for 0.2, 0.5, and 1 .0 M NaCl.
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Figure 4.3. Force curves for short fragment DNA at 0.2, 0.5, and 1 .0 M
NaCl obtained by X-ray scattering. Higher ionic strength reduces
electrostatic repulsion, thus allowing DNA chains to come into closer
proximity.
Figure 4.4a shows P of the spherulites as a function of d
v
for 0.2, 0.5, and 1.0 M
NaCl. The twist angle y/ between neighboring DNA molecules (see Figure 1.1) can be
calculated from the experimentally determined P and d\ as y/= 360° (d,/P) and is found
to be within 0.28 to 0.67° in this d\ range (Figure 4.4b). For all salt concentrations
studied, P increases as the cholesteric to isotropic and cholesteric to hexagonal phase
transitions are approached. Above about 19 wt% PEG (P = 4.2 Jim) the cholesteric
phase ceases to exist, indicating a discontinuous jump to P = co (and y/~ 0°) as the
transition to the hexagonal phase occurs. Changes in chiral interactions with dx also can
be determined by monitoring y/ (Figure 4.4b), since the energy of chiral interactions is
directly proportional to this molecular parameter. '
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Figure 4.4. (a) The DNA cholesteric pitch as a function of interaxial
spacing for 0.2, 0.5, and 1 .0 M NaCl. The pitch unwinds at low and high
DNA densities, where the cholesteric to isotropic and cholesteric to
hexagonal phase transitions are approached, respectively. The pitch
minimum, occurring between d\ = 3.6 and 4.2 nm, is found to shift
towards smaller interaxial spacings with increasing ionic strength, (b)
The calculated twist angle shows similar trends to the cholesteric pitch.
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For 0.2 to 1
.0 M NaCl, iff shows a maximum in chiral interaction energy between d
x
=
3.8 and 4.3 nm and a divergence towards zero at DNA densities approaching the
cholesteric to isotropic and cholesteric to hexagonal phase transitions.
To illustrate the challenge of predicting the macroscopic cholesteric pitch,
consider the DNA cholesteric phase at a salt concentration of 1 .0 M NaCl (Figure 4.4a)
for which d
x
ranges from about 3.3 to 4.1 nm and where the Debye screening length is
0.3 nm. This results in a typical surface-to-surface distance of 1.3 to 2.1 nm, assuming
a DNA diameter of 2.0 nm. Thus, under these conditions, the average distance between
the DNA surfaces is about 4 to 7 times larger than the screening length. Since screened
electrostatic repulsion decays exponentially with the screening length, the interaxial
force felt at the largest distance is approximately 1 100 times smaller than at contact and
15 times smaller than at the shortest distance at which the cholesteric phase is observed.
Even though the interaxial interactions vary by a factor of 15, P is only changing by a
factor of 2.
The theory of chiral interactions in cholesteric liquid crystals ofDNA developed
by Kornyshev et al. predicts the nonmonotonic dependence ofP on d{ , where
cholesteric unwinding occurs at the cholesteric to isotropic and cholesteric to hexagonal
transitions around d\ - 5 and 3 nm, respectively. This resembles our experimental
findings. The theory also predicts Pm in around d\ = 3.5 to 3.7 nm, which is a reflection
of the pitch of the double helix. Again, the theory is in close proximity to the range (dt
= 3.7 to 4. 1 nm) that we find. However, it was predicted that despite the electrostatic
origin of these chiral interactions, the salt dependence of P should be insignificant for
1 : 1 electrolytes at concentrations of 0.01 to 1 .0 M. We find experimentally though that
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both P and Pmin do have a significant dependence on salt concentration for 0.2 to 1 .0 M
NaCl. As ionic strength is increased from 0.2 to 1 .0 M NaCl, P of the DNA cholesteric
spherulites decreases for a fixed d
x
(Figure 4.4a), indicating chiral interactions between
DNA molecules are enhanced. In addition, Pmin and d
x
at which Pmin occurs decrease
with increasing ionic strength (Table 4.1). The values of yw, and the corresponding dif
are also given in Table 4. 1
.
Their dependence on ionic strength is in agreement with the
trend observed for Pmin .
Table 4.1. Ionic strength dependence of the pitch minimum and twist angle maximum
/ (M NaCl) Pmin in urn {d\ in nm) i//max in deg (dx in nm)
0^2 2.81 (4.14) 0.54 (4.26)
0.5 2.29(3.86) 0.61 (3.86)
1.0 2.03(3.68) 0.67(3.79)
Since the dominant contribution to chiral interactions comes from electrostatic
forces, with the contributions from steric and van der Waals forces being negligible
within this range for DNA cholesterics, there is a question as to how chiral interactions
can be enhanced by increasing ionic strength. The naive prediction, as mentioned by
Van Winkle et al., 14 would be to assume that as ionic strength increases, the interaxial
force at constant interaxial spacing decreases and therefore, the pitch should increase.
However, we observe the opposite trend.
Despite the reduction in DNA intermolecular interactions with increasing ionic
strength, we attribute the resulting enhancement in chiral interactions to the consequent
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decrease in intramolecular interactions along the DNA molecules. This effect actually
will elucidate the helical charge pattern along the DNA rods and allow for greater chiral
interactions between them. It also should be pointed out that in the range of interaxial
spacings in the cholesteric regime, the interaxial force decays exponentially with
approximately four times the Debye screening length, which indicates that bending
fluctuation enhanced repulsion dominates.6 With surface-to-surface separations
between DNA molecules being several times larger than the Debye screening length, it
is believed that such fluctuation enhanced electrostatic interactions are responsible for
transmitting these intermolecular chiral interactions. The observed decrease in d, at
which Pmin and i//max occur with increasing ionic strength is attributed to the reduced
amplitude of intermolecular electrostatic interactions, thus requiring the DNA
molecules to come into closer proximity. Theoretical calculations incorporating the
ionic strength dependence of chiral interactions would be necessary to describe this
phenomenon quantitatively and in more detail.
Conclusions
Chiral interactions between DNA chains in a cholesteric liquid crystal are
enhanced by increasing ionic strength up to 1 .0 M with NaCI. Although the decrease in
Debye screening length reduces intermolecular interactions between DNA, the
consequent decrease in intramolecular interactions better elucidates the helical charge
pattern along DNA molecules. With DNA surface-to-surface separations up to 7 times
larger than the Debye screening length, fluctuation enhanced electrostatic interactions
are most likely responsible for the resulting intermolecular chiral interactions.
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CHAPTER 5
THERMOTROPIC BEHAVIOR OF HYBRID LIQUID CRYSTALS OF DNA
WITH ELASTIN-LIKE PEPTIDES
Overview
We have transformed DNA cholesteric liquid crystals, which typically display
lyotropic behavior, into thermotropic systems by hybridizing short fragment (146 bp)
DNA with elastin-like peptides (ELPs). The hybrid systems display thermotropic
behavior reflecting the ELP inverse temperature transition. Surprisingly, these DNA-
ELP hybrid liquid crystals exhibit a cholesteric phase structure indicating significant
chiral interactions. The average DNA interaxial spacing and cholesteric pitch are
followed as a function of temperature to determine thermal response. The results
illustrate strategies to employ self-assembly for the design of functional materials.
Introduction
Elastin-like peptides (ELP) have gained considerable interest as
thermomechanically responsive materials. Their application as switch-mechanisms for
protein engineering, stimuli-responsive surfaces, and biomaterials has been studied.
ELPs are based on common repeat sequences found in tropoelastin and are known to
exhibit an inverse temperature transition, above which the peptide becomes more
ordered. For ELPs based on the VPGVG pentameric sequence, a (3-spiral structure
consisting of three pentamers per turn and with each pentamer adopting a type-II p-turn
66
conformation forms above the inverse temperature transition.610 This transition is
believed to be driven by hydrophobic collapse and expulsion of water molecules.
Hydrophobic interactions between ELP chains can result in coacervation to form
fibrillar elastomers. 11 A similar ELP, (VPGIG)40 , has been found to undergo the same
conformational transition where dehydration and hydrophobic interactions are also
thought to lead these p-spiral structures to self-associate and form aggregates. 12 The
ELP inverse temperature transition is sensitive to a number of parameters including
peptide length, amino acid composition, solution pH, ionic strength, and the addition of
* 7101314
organic solutes. " '
•
The ability to modulate the temperature of the transition and
detect changes in other stimuli besides temperature makes ELPs versatile for many
responsive material applications. 8
In this study we have successfully incorporated the thermal response of an ELP
into liquid crystals of short fragment (146 bp) DNA. We chose the most common
pentameric repeat sequence, VPGVG, to form ELPs having lysine-rich termini that
could bind electrostatically to the negatively charged phosphate groups ofDNA and
condense the system into a liquid crystal. The advantage of using short fragment DNA
is that its length (50 nm) is comparable to its persistence length (50 to 100 nm,
depending on salt concentration). Therefore, these DNA-ELP hybrid liquid crystals
behave as a system of rigid rods coupled by thermally responsive springs. This is
similar to DNA condensation 15 with naturally occurring polyamines, such as spermidine
and spermine, 16
"20
as well as polylysine,
21
'
22
which has been studied for use in gene
delivery.
23 "25 The primary difference is that the spacing between DNA molecules is
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now defined by the length and conformation of the elastin-like sequence within the
ELP.
In monovalent salt solutions, DNA exhibits the following sequence of liquid
crystalline phases with decreasing DNA concentration: crystalline (hexagonal,
orthorhombic), hexagonal, line hexatic, cholesteric, blue phase, and isotropic.26 The
DNA-ELP hybrid liquid crystals are found to be cholesteric at room temperature, which
allows their thermal behavior to be followed using polarizing optical microscopy.
Cholesteric liquid crystals comprised of small molecules are typically thermotropic with
their optical properties being strongly dependent on temperature.27 These liquid crystals
therefore can function as molecular amplifiers capable of detecting changes in
temperature down to a fraction of a degree.28 DNA liquid crystals, however, are
lyotropic, which means their phase and properties are more sensitive to concentration
changes. Therefore, modifications are necessary to make them predominately sensitive
to other stimuli.
Experimental Section
»
DNA-ELP Hybrid Liquid Crystals
Elastin-like peptides having amidated C-termini, K3(VPGVG)3K3-NH2 (K3ELP)
and K4(VPGVG)3K4-NH2 (K4ELP), synthesized using 9-fluorenylmethyloxycarbonyl
(Fmoc) chemistry (80% purity, Coast Scientific) were used as received. Solutions of
the ELPs (10 mg/mL) were added dropwise to short fragment DNA solutions (10
mg/mL), both in 10 mM Tris HCl (pH 7.3), at room temperature until phase separation
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occurred. The liquid crystalline phase was collected at the bottom of the solution by
centrifugation and then retained in the supernatent solution for all studies.
Circular Dichroism
Far-UV CD spectra were collected on a Jasco J-715 spectropolarimeter equipped
with a Peltier temperature controller (Jasco PTC-348WI) using a 0.2 cm quart/, cuvette
and the settings described in Chapter 3. The ELPs were used as received and prepared
in 1 0 mM sodium phosphate (~1 mg/mL) at pi 1 7.0. Due to the uncertainty in the ELP
concentrations, the CD signal was not converted to mean residual cllipticity.
X-ray Scattering
Small-angle X-ray scattering (SAXS) measurements were performed on a
Rigaku RU-H3R rotating anode X-ray diffractometer as described in Chapter 4, and
temperature was controlled using a Peltier device. The scattering intensity profiles
HF(4)f%) were fltled with a first-order Bessel function of the first kind for the
cylindrical form factor of DNA F{q) (radius = 1 nm) and a Lorentzian function for the
structure factor S{q). The interaxial spacing was calculated from the Bragg spacing
^Bragg as Bragg> assuming local hexagonal packing.
Polarizing Optical Microscopy
Polarizing optical microscopy was performed with a Zeiss Axiovert SI 00 TV
inverted polarizing microscope (objective: Zeiss Plan-Neofluar 40 x / 0.85 pol)
equipped with an LC Pol-Scope retardance imaging system (CRI, Boston, MA), which
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simultaneously measures the magnitude and direction of birefringence. DNA-ELP
hybrid liquid crystals contained in their supernatent solution were prepared on glass
slides using vacuum grease to seal the samples under a coverslip and Cytoseal mounting
medium around the edge of the coverslip to prevent drying. Since relatively thick
samples were necessary to observe the cholesteric fingerprint pattern in these samples,
P was calculated from profile plots created using the ImageJ software29 rather than
taking the Fourier transform of the birefringence images as described in Chapter 4 for
the DNA droplets. Variable temperature experiments were performed using a
homemade heating block constructed from aluminum with internal copper tubing
connected to a water bath. A thermocouple was used to calibrate the setup and monitor
the sample temperature.
Results and Discussion
Changes in K3ELP and K4ELP secondary structure with temperature were
monitored by CD spectroscopy (Figure 5.1). The difference in signal intensity between
K3ELP and K4ELP are from slight differences in concentration. The CD signals at 220
(Figure 5.1b) and 201 nm (Figure 5.1c) were chosen to monitor the disappearance of
random coil and formation of p-turn, respectively. The pentameric repeat VPGVG is
known to form a type-II P-turn above the inverse temperature transition. However,
formation of a type-II P-turn conformation results in a positive shift in 6 at about 2 1
0
nm, which is not observed for K3ELP or K4ELP as temperature is increased.
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Figure 5.1. Conformational changes occurring in the ELPs were
monitored by CD spectroscopy, (a) CD wavelength scans of K3ELP
show significant changes in ellipticity occurring at 201 and 220 nm with
temperature, (b) The negative ellipticity band at 201 nm for K3ELP and
K4ELP disappears with increasing temperature as a result of the loss of
random coil while (c) the amplitude of the negative ellipticity band at
220 nm for K3ELP and K4ELP increases with increasing temperature.
These changes, together with an isodichroic point at 207 nm, suggest the
formation of a type-I p-turn structure.
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The observed decrease in flat 220 nm with increasing temperature, together with an
isodichroic point at 207 nm, is more consistent with formation of a type-I p-turn
conformation. 30 It is known that under certain conditions, or with residue substitutions
or additions, a type-I p-turn conformation will form. 1 ' 10 Also, interconversion between
the two conformations is considered common for Pro-Gly turns. 31 Therefore, it is
reasonable that the lysine-rich termini of the ELPs result in a preference for type-I over
type-II p-turn conformation. The conformation of the ELPs after incorporation into the
DNA liquid crystal was not measured by CD spectroscopy to determine whether type-I
or type-II p-turn forms above the inverse temperature transition. However, this is not
considered to be important since it is only required that the ELPs display an inverse
temperature transition.
The loss of random coil was found to be sigmoidal with increasing temperature,
as monitored from flat 201 nm. Sigmoidal fits gave a transition temperature Tt = 25 ± 4
°C for K3ELP and Tt = 21 ± 4 °C for K4ELP. However, p-turn formation has a much
broader transition and is essentially continuous across this temperature range. If
sigmoidal fits are applied to these curves, the calculated transition temperature for the
formation of p-turn is found to be about 0 °C, or slightly lower. The measurement of
different responses to temperature is not necessarily inconsistent however, as others
have observed similar behavior in ELPs and have attributed it to a multi-step
•12 * • •
mechanism. From our data, we can say that the loss of random coil has a distinct
transition temperature with continuous formation of another secondary structure, which
is considered to be type-I p-turn, as temperature increases.
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Condensation of short fragment DNA using ELPs having lysine-rich termini
oceurs near charge neutrality and results in a liquid crystalline system, as determined by
X-ray scattering (Figure 5.2).
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Figure 5.2. The X-ray scattering from DNA-K3ELP shows a peak
corresponding to the interaxial spacing d
x
between DNA molecules that
shifts to higher scattering vector q with increasing temperature, which
indicates a decrease in d\. The small peak around q = 5 nm" 1 is'due to the
cylindrical form factor of a DNA molecule (radius = 1 nm) and remains
constant with temperature.
The X-ray scattering from DNA-K4ELP is given in Appendix G. Both, DNA-K3ELP
and DNA-K4ELP are observed to undergo thermal contraction upon heating (Figure
5.3), which is due to the inverse temperature transition of the elastin-like segment of the
peptides. In the absence of an ELP, liquid crystalline DNA at similar densities does not
show this behavior and instead, d, increases with increasing temperature (data not
shown). For the DNA-ELPs, there is a 10 to 12% decrease in d
x
as temperature is
increased from 10 to 60 °C {d\ = 5.2 to 4.6 nm for DNA-K3ELP and d, = 4.8 to 4.3 nm
for DNA-K4ELP). The DNA interaxial spacings in DNA-K3ELP are about 0.3 to 0.4
nm larger than those observed in DNA-K4ELP at a given temperature. This difference
is attributed to the -30% more K3ELP molecules needed to neutralize the charges along
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the DNA backbone compared to K4ELP. A slightly larger volume between DNA
chains is then required to accommodate the extra K3ELP molecules. Sigmoidal fits
give Tt = 30 ± 1 °C for DNA-K3ELP and Tt = 4 ± 14 °C for DNA-K4ELP. The large
uncertainty in the Tt of DNA-K4ELP is from the lack of data points covering the plateau
at low T. The width of the transition is ATt = 14 °C for both DNA-ELPs. This broad
thermal response is believed to result from a distribution of ELP conformational states
that are more or less extended as they bridge the DNA molecules. Relative to T
t ,
the
large A7i also makes precise determination of Tt difficult for both DNA-ELPs. Based
on the CD measurements it is reasonable to believe that both DNA-ELPs should have
about the same T{ . Since the thermal transition is found to be reversible over the
temperature range studied (data not shown), electrostatic interactions between DNA and
the ELPs are considered to be stable within this range.
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c
5.0
4.8
4.6
4.4
DNA-K3ELP
DNA-K4ELP
10 20 30 40 50 60
Temperature (°C)
Figure 5.3. There is about a 10 to 12% decrease in interaxial spacing
between DNA chains for the DNA-K3ELP and DNA-K4ELP hybrid
liquid crystals as temperature is increased from 10 to 60 °C. The thermal
compaction of the DNA-ELP assembly occurs because of the inverse
temperature transition of the ELP.
74
At 60 °C, the observed interaxial spacings for the DNA-ELPs are reasonable
considering the 0-spiral model for the elastin-like sequence, where (VPGVG) 3 should
have a total length of about 1 nm,6 - 9 and assuming the ELP molecules form bridges
perpendicular to and between DNA chains. With a DNA radius of 1 nm, the length of
the ELP lysine side-group and backbone bonds connecting the Lys-Val and Gly-Lys
residues of the ELP (14 bonds total) easily account for the additional 1 .3 to 1 .6 nm
needed to achieve the observed interaxial spacings. If we assume these additional
contributions are the same at 10 °C, where the elastin-like sequence should be mostly
random coil, the average length of the elastin-like sequence should be 1.6 and 1.5 nm
for K3ELP and K4ELP, respectively. These values may be reasonable estimates
considering they are in close agreement. However, the possible errors in our
assumptions make this agreement seem fortuitous.
These DNA-ELP hybrid liquid crystals exhibit a cholesteric phase within the 10
to 50 °C temperature range studied. When preparing the DNA-ELPs between a glass
slide and cover slip for polarizing optical microscopy, relatively thin samples displayed
a cholesteric texture pattern (Figure 5.4a). The lysine-rich termini of the ELPs anchor
the hybrid liquid crystals to the confining surfaces, which results in the cholesteric
director orienting perpendicular to these surfaces. In order to measure P, slightly
thicker samples were prepared so that regions displaying a cholesteric fingerprint
pattern (Figure 5.4b) could be observed. Shearing these thicker samples between the
glass slide and coverslip produces a cholesteric texture pattern again. Only regions
displaying a cholesteric pitch that were flat in the viewing plane were used for
calculations. However, the measured P of the DNA-ELP hybrid liquid crystals (see
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Figure 5.5) has a higher error compared to that measured lor the DNA chotesk i
,
spherulites (see Figure 4.4a). A more accurate method might be to calculate /' ft
Grandjean-Cano edge dislocations using a cholesteric wedge.27 ' 32
Figure 5.4. (a) Cholesteric texture and (b) cholesteric fingerprint
patterns observed for DNA-K3ELP hybrid liquid crystals at 20 °C using
polarizing optical microscopy (scale bar = 5 |xm). Preparation of
relatively thin samples results in cholesteric textures while thicker
samples allow observation of cholesteric fingerprint patterns so that the
pitch can be measured. Similar patterns are observed for DNA-K4ELP.
The DNA-ELP cholesteric pitch is found to vary between 5 and 10 u,m within
1 0 to 50 °C (Figure 5.5a) and is thermally reversible over this temperature range (data
not shown). The twist angle if/ between neighboring DNA molecules (Figure 1.1) can
be calculated from the experimentally determined P and d, as y/= 360° (dJP) and is
found to be within 0.19 to 0.32° (Figure 5.5b). The DNA-ELP cholesteric pitch
unwinds near 10 and 50 °C, which is similar in behavior to that described by Kornyshev
et al. for DNA cholesterics approaching the cholesteric to isotropic and cholesteric to
hexagonal phase transitions at low and high DNA densities, respectively. 33 Therefore,
these DNA-ELPs can be thought of as thermotropic liquid crystals. A phase transition
to isotropic or hexagonal was not observed within 10 to 50 °C, so the length of the 15
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residue elastin-like segment of the ELPs probably constrains the DNA-ELPs to the
cholesteric phase.
a
E
a. 7-
5 -
• DNA-K3ELP
DNA-K4ELP
10 20 30 40
Temperature (°C)
50
CD
T3
0.36 F
0.34
DNA-K3ELP
DNA-K4ELP
10 20 30 40
Temperature (
SC)
50
Figure 5.5. (a) The cholesteric pitch of the DNA-K3ELP and DNA-
K4ELP hybrid liquid crystals unwinds at low and high temperatures in a
similar fashion to the cholesteric pitch of the DNA cholesteric
spherulites at low and high DNA densities (see Figure 4.4a). The
minimum pitch and therefore, (b) maximum twist angle, occurs at 30 °C
for both DNA-K3ELP and DNA-K4ELP, which is close to the measured
inverse temperature transition of the ELPs. The lines drawn are to guide
the eye.
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Chiral interactions in the DNA cholesteric phase are believed to be
predominately electrostatic in origin33 so by essentially neutralizing the DNA charges
and maintaining DNA surface-to-surface distances between 2.3 to 3.2 nm, chiral
interactions should be significantly weakened. In fact, weaker chiral interactions are
observed within the DNA-ELPs, as P is large compared to DNA cholesteric spherulites
(2 to 5 urn) (see Figure 4.4a). Electrostatic interactions probably are still strong enough
to give rise to chiral interactions. However, another possibility would be that the ELPs
between DNA molecules somehow sustain DNA chiral interactions, although the exact
mechanism for this to occur is not clear. Chiral interactions are found to be at a
maximum at 30 °C for both DNA-ELPs, which is close to the observed inverse
temperature transition of the ELPs. The point of maximum chiral interactions occurs at
P = 5.4 ixm (y/= 0.32°) for DNA-K3ELP and P = 6.5 um (y/= 0.25°) for DNA-K4ELP,
with a corresponding d
x
= 4.9 and 4.4 nm, respectively. The twist angles between DNA
molecules in DNA-K3ELP arc larger than in DNA-K4ELP over this temperature range,
indicating stronger chiral interactions in DNA-K3ELP. Further studies will be
necessary to fully understand the experimentally observed differences between DNA-
K3ELP and DNA-K4ELP. Experiments with DNA cholesteric droplets in the presence
of divalent salts, such as MgCh, may provide insight into this problem as well as the
relationship between electrostatic forces and chiral interactions between DNA
molecules.
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Conclusions
By condensing short fragment DNA with elastin-like peptides, we have
demonstrated how lyotropic liquid crystals can be converted into thermotropic liquid
crystalline systems. The DNA-ELP hybrid liquid crystals are thermally responsive in
accordance with the inverse temperature transition of the ELP and exhibit a cholesteric
phase structure with weaker chiral interactions than in pure DNA liquid crystals.
Understanding what governs the cholesteric phase in these hybrid liquid crystals will
give new insights into the nature of chiral interactions. The significant and broad
temperature response between 10 and 60 °C makes this system a good temperature
sensor across this range. The effects of elastin sequence and length, as well as varying
solution conditions, can now be studied to tune the temperature response of these DNA-
ELP liquid crystals. The success of this system also allows more elaborate types of
biosensors to be designed based on the same principle. For example, by replacing the
elastin sequence with an enzyme that undergoes a conformational change upon binding
of a ligand, a biosensor sensitive to the binding event can be constructed.
i
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APPENDIX A
OSMOTIC PRESSURE MEASUREMENTS: CONVERSION BETWEEN
POLYETHYLENE GLYCOL) WEIGHT PERCENT AND CONCENTRATION
Density measurements are used to determine the conversion between wt% PEG
and PEG concentration c2 (in g/mL) using Equation 2.13. At temperature T, the wt%
PEG 400 can be expressed as a second-order polynomial in c2
wt%(l0°c) = 98.6790c2 - 12.2424c2
2
(A.l)
wt%(20°C) = 98.7334c2 - 11.7183^ (A.2)
wt%(30°c) = 99.0960c2 - 1 1.3375c2
2
(A.3)
wt%(35°C) = 99.2011c2 -ll. 1450c
2
(A.4)
wt%(40°c) = 99.3077
c
2
- 10.9525c2 (A.5)
Likewise, c2 can be expressed in terms ofwt% PEG 400
c2 (10°C) = 1 .0033 x 10"
2 (wt%) + 1.6925 x 10"5 (wt%)2 (A.6)
c2 (20°C) = 1.0038 xl0"
2 (wt%) + 1.5945 xl0"5 (wt%)2 (A.7)
c2 (30°C) = 1 .0010 x 10
-2 (wt%) + 1 .5066 x 10"5 (wt%)2 (A.8)
c2 (35 °C) = 1 .0003 x 10"
2 (wt%) + 1 .468 1 x 10"5 (wt%)
2
(A.9)
c2 (40°c) = 9.9955 x 10"
3 (wt%) + 1.4296 x 10"5 (wt%)
2
(A. 10)
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For PEG 8000
wt%(lO°C) = 99. 1068c2 - 14.0604c2
wt%(20°c) = 99.3013c2 - 13.2442c2
2
wt%(30°c) = 100.0910c2 - 13.8397c2
2
wt%(35°c) = 100.1630c
2
- 13.8174c2
2
wt%(40°c) = 100.2370c
2
- 13.7985c2
and
c2 (lO°C) = 1.0025 x 10-
2 (wt%) + 1.8183 x 10"5 (wt%)2
c2 (20°C) = 1.0014 x 10"
2 (wt%) + 1 .6769 x 10"5 (wt%)2
c2 ( 30°c) = 9.9325 x 10"
3 (wt%) + 1 .7204 x 10~5 (wt%) 2
c2 ( 35 °c) = 9.9253 x 10"
3 (wt%) + 1 .7 140 x 10"5 (wt%)2
c2 (40°C) = 9.9180 x 10"
3 (wt%) + 1.7076 x 10"5 (wt%)2
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APPENDIX B
OSMOTIC PRESSURE MEASUREMENTS: SHIFTING DATA TO OBTAIN
ABSOLUTE OSMOTIC PRESSURE
To obtain a master curve of osmotic pressure as a function of PEG
concentration, An data sets were shifted with respect to one another. To determine the
shift in osmotic pressure between two subsequent data sets / and the data were
plotted as wt% vs. An and linearly fitted from the midpoint to the end (for i)
beginning (for / + 1 ) of the data set as
y, = a, + bJC. (B.l)
where y represents wt%, x represents An, and a and b are the intercept and slope,
respectively. Using the last data point n in data set / to determine the shift in x gives
Ax =
a. a
(B.2)
if]
while using the first data point in data set i + 1 gives
Ar _ ym(o)-6, y,Jo)-bi+l
^1+1 ~ (B.3)
aMl
The shift in x is then found from the average of these two values
-
=
Ax,. + A*,.„
=
II
2 2
yM + y.AQ)-^ y( (n)+yM (0)-2bM
a
(B.4)
in
This procedure is applicable both when there is an overlap, meaning yl (n) > yM (0)
,
and a gap, yi (n) < yM (0) , in concentration between two data sets. When there is a
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concentration gap, this procedure is equivalent to linearly extrapolating to the midpoint
of the gap to determine the osmotic pressure shift of the higher concentration data set
/+ 1.
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APPENDIX C
MASS SPECTROMETRY OF POLYETHYLENE GLYCOL)
Fast atom bombardment (FAB) mass spectrometry (JMS700 MStation, JEOL)
was performed by Stephen Eyles to calculate the molecular weight of PEG 400. The
number- and weight-average molecular weight, Mn = 407 g/mol and Mw = 435 g/mol,
respectively, give a polydispersity index (PDI) = 1 .07.
0«te : 3l-Jul-20Bl IS: !7
t Mass Spectru* 1
Data : PUCtdtS
5a"?le: PEG 400
Note : FAB Standard
Inlet : Direct Ion Mode : fHB+
Spectrum Type : Normal Ion CMF-L mear )
HT : 0.22 mi* Scant : Cl.GJ
BP : m/z 83.0503 Int. : I2B9.S?
Output m// range : ie3.3fiS0 to 737.4 14? Cut Level : 0.00 '<
6745300
•J
5 -
3
2 -
0-
135. !
219. I
371 .2
415.3
3?7.2
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54? 3
591.4
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Figure C.l. Mass spectrum of PEG 400.
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Table C.l. PEG 400 Mass Spectrum Intensity Values
\T\lv lniensiiy ^a.u.)
Normalized
Intensity
195.1232 19.23 1.49
219.1218 61.48 4.77
221.1389 30.86 2.39
239.1495 34.15
,
2.65
263.1518 21.22 1.65
265.1651 14.22 1.10
283.1757 51.46 3.99
307.1367 15.24 1.18
327.2019 78.29 6.07
328.1994 14.11 1.09
371.2281 96.50 7.48
372.2275 19.34 1.50
415.2543 98.14 7.61
416.2579 21.76 1.69
459.2805 84.00 6.51
460.2809 20.57 1.60
503.3068 62.03 4.81
504.3100 16.75 1.30
547.3329 39.83 3.09
591.3592 22.79 1.77
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m^z Intensity (a.u.)
585.2905 3A2
591.3592 22.79
Normalized
Intensity
024
1.77
592.3566 7.69 0.60
635.5067 H.89 0.92
636.4949 4.42 0.34
679.7177 5.81 0.45
724.0032 2.81 0.22
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APPENDIX D
OSMOTIC PRESSURE MEASUREMENTS: PROPAGATION OF ERROR
Overview
A detailed propagation of error analysis is given for the osmotic pressure
measurements performed using sedimentation equilibrium ultracentrifugation. The
major sources of error are found to originate from the refractive index and density
increment calculations. After accounting for the error by using a mass balance to
determine concentration, as well as the error in dn I dc2 and dp I dc2 , the relative error
in wt% PEG is no more than 0.1% and does not exceed 1% in FT These errors are less
than those in the corresponding relative variables (Ac2 and An, respectively) because
the data is shifted to an absolute scale.
Error in Solute Weight Percentage
The error in wt% PEG is given as
£(wt%) = 100
r
wt% \
2 (
+
(x
x
+x2 ) 100(jc, + jc2 )J ^100(jc, +x2 )
wt%
J
1/2
(Sx) (D.l)
where x\ = solvent mass, xj = solute mass, and 8x = 0.0001 g based on the precision of
the balance used when preparing the PEG solutions
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Error in Solute Concentration
The error in c2 can be found from Equation 2.8 as
From Equation 2.7, the error in Ac2 is
<5(Ac
2 )
= Arc
(D.2)
-2
f 3 ^an
(D.3)
as a
where 5 (An) - 0 and 6(dn/dc2 ) = 0.001 mL/g based on fitting the refractive index
function of solute concentration. Using Equation 2. 1 2, the error in c2(rm) can be found
(^J+(rb -rJ(S(Ac2 ))
1/2
(D.4)
where
<5jc
2,total
100
f wt% ^ 2
(<5(wt%)) +2 — (<5jc)2 +(^)
1/2
(D.5)
The additional (6x) term in Equation D.5 comes from measuring the difference in AUC
cell mass with and without sample loaded.
Error in Solute Osmotic Pressure
From Equation 2.5, the error in An is
S(AYl) = co
'"h
f c2rdr
v
dp
K
dc2 I 2
(5c2f (D.6)
where 8(dp/dc2 ) = 0.005 based on fitting the density as a function of solute
concentration. Then, 6Tl = <5TI0 + 8(AU) where 8n0 can be solved from Equation B.4
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APPENDIX E
OSMOTIC PRESSURE MEASUREMENTS: HYDROSTATIC PRESSURE
DIFFERENCE WITHIN THE SAMPLE CELL
The hydrostatic pressure P at the bottom of the AUC cell can be calculated as
P =^ \dr prbQ) (E.l)
where F - force, A Q = cell cross-sectional area, and p = 1000 kg/m3
.
Equation E.l can
be simplified and expressed in terms of rpm as
p =
( rb -rm )rbp
7r(rpm)
30
(E.2)
Since P - 1 atm at the meniscus, the pressure difference between the cell bottom and
meniscus AP = P(rb) - 1 atm. At 42,000 rpm a pressure difference AP - 1 50 atm exists
between the cell bottom and meniscus and at 20,000 rpm, AP « 34 atm.
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APPENDIX F
ADDITIONAL CIRCULAR DICHROISM DATA PLOTS FOR
POLY(GLUTAMIC ACID) UNDER OSMOTIC PRESSURE
Circular Djchroism Spectra for PorWglutamic acidl
The circular dichroism (CD) spectra for PGlu at pH 5.0, 6.0, and 7.0 at 20 °C are
given below. These CD spectra were used to estimate the fraction helicity in Figure 3.3
o
E
o
<r>
~a
CM
E
o
a>
CD
"D
o
CD
T T
200 210 220 230 240 250
Wavelength (nm)
Figure FX CD spectra for PGlu (Mn 54,400 g/mol) at pH 5.0 as PEG
400 concentration is increased from 0 to 60 wt%.
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200 210 220 230 240 250
Wavelength (nm)
Figure F.2. CD spectra for PGlu (M„ 54,400 g/mol) at pH 6.0 as PEG
400 concentration is increased from 0 to 80 wt%.
i i i i i r
200 210 220 230 240 250
Wavelength (nm)
Figure F.3. CD spectra for PGlu (M„ 54,400 g/mol) at pH 7.0 as PEG
400 concentration is increased from 0 to 80 wt%.
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Osmotically Induced Helix-Coil Transition in i>olv_,M,,|„tami , ,,.;,r
It is also possible to osmotically induce the a-helical state in the D-form ofPGlu
as shown in Figures F.4, where a positive mean residue ellipticity at 222 nm indicates
formation of the a-helix.
a
3-
JOUJ
2-
deci
1 -
CM
E
o
deg
0-
o
-1 -
-2-
i i r
200 210 220 230 240 250
Wavelength (nm)
T
20 40 60
wt% PEG 400
Figure F.4. (a) CD spectra of the D-form of PGlu (M„ 70,200 g/mol) at
pH 6.0 as PEG 400 concentration is increased from 0 to 80 wt%. (b) The
CD signal at 222 nm shows this transition to be sigmoidal with PEG 400
concentration.
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The osmotically induced a-helix in the D-form ofPGlu is found to be sigmoidal in
osmotic pressure, which is the same as for the L-form (Figure F.5).
LOW
D-form PGlu
L-form PGlu
200
~
1
400 -600 -800
-1000
n (atm)
Figure F.5. Comparison of helicity between the D- and L-forms of PGlu
at pH 5.0.
Thermal Denaturation of the Osmotically Induced ot-HelIX
Circular dichroism data are given for the thermal denaturation of PGlu to
accompany Figures 3.7-3.9. To calculate the fraction helicity, the CD signal at 222 nm
is normalized by an upper and lower baseline that accounts for changes in signal with
temperature
(0) upper = 1 xlO^(l66O-45r)
(^) lower = lxl0^(-41,700 + 100r)
(F.l)
(F.2)
where T is in °C (see Figure F.7)
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200 210 220 230 240 250
Wavelength (nm)
Figure F.6. CD spectra at 5, 20, and 50 °C at pH 5.0 show the transition
from a-helix to random coil with increasing temperature.
~i 1 1 1 1 r
10 20 30 40 50 60
Temperature (°C)
Figure F.7. CD signal at 222 nm as a function of temperature for PGlu
(Mn 61 ,200 g/mol) at pH 6.0. PGlu is induced into an a-helix by the
addition of 25-60 wt% (in increments of 5 wt%) PEG 400. The solid
lines show the upper and lower baselines described by Equations F. 1 and
F.2.
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n i 1 f
20 40 60 80
Temperature (°C)
Figure F.8. Thermal denaturation of the PGlu oc-helix at pH 5.0 with
applied osmotic pressure. PGlu (M„ 54,400 g/mol) is induced into an a-
helix by the addition of 0, 25, 30, and 40 wt% PEG 400.
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APPENDIX G
X-RAY SCATTERING FROM DNA-K4ELP
2 3 4 5 6
q (nm'
1
)
Figure G.l. The X-ray scattering from DNA-K4ELP as a function of
temperature.
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APPENDIX II
ELECTROSTATIC INTERACTIONS BETWEEN COLUMNAR STACKS OF
GUANOSINE TETRAMERS
as a
Overview
Forces between columnar guanosine monophosphate were measured
function of added divalent salt (MgCl 2 ), pH, and temperature using the osmotic stress
technique and X-ray scattering. The presence of MgCl 2 gives rise to attractive forces
that lead to temperature favored assembly of the columnar liquid crystalline system.
More research is necessary to fully understand the effects of added divalent salt and pH
on these temperature dependent forces.
Introduction
Several polyelectrolyte systems, including Mn2+-DNA,' collagen,2 and
hydroxypropylcellulose,3 have been found to exhibit temperature strengthened attractive
forces. It is believed that the entropy gain upon release of water bound to the
polyelectrolyte as well as the enhancement in fluctuations, which allow the system to
find a new energy minimum, are the reasons for this phenomenon. To identify the
electrostatic contribution to these forces, we are studying columnar 2'-deoxyguanosine-
5'-monophophate (dGMP) in the presence of divalent salts, such as MgCb, using X-ray
scattering combined with the osmotic stress technique. 4
"6
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In aqueous solution, dGMP self-assembles into planar tetramers stabilized by
hydrogen bonding between the bases (Figure H.l).
o
OH H
hydrogen bonding
Figure H.l. Tetramers of 2'-deoxyguanosine-5'-monophophate are stabilized
by hydrogen bonding. The R group is the sugar residue of the base.
In the presence of certain cations, such as potassium, these tetramers coordinate with
the cations to form columnar stacks as shown in Figure H.2. The dGMP columnar
structure has a diameter of 25 A, a spacing between stacking tetramers of about 3.4 A,
and a 30° rotation between tetramers. In concentrated solution, columnar dGMP
• • 7 8
exhibits liquid crystallinity as observed by Mariani et al.
'
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Figure H.2. Columnar stacking ofdGMP tetramers with cation coordination.
This columnar structure has a diameter of 25 A, a spacing between stacking
tetramers of 3.4 A, and a 30° rotation between tetramers.
One of the most interesting features of the dGMP system is that the effective
line charge can be varied from 4 to 8 e7 3.4 A by simply adjusting the solution pH from
5 to 7.5. It is hypothesized that at higher charge density (pH 7.5), the temperature
assembly process will be much more pronounced because charge fluctuations assist the
system in reaching the lowest energy minimum.
Experimental Section
Materials
Pellets (3 mg each) of 2'-deoxyguanosine-5'-monophophate (dGMP) at pH 5
and 7.5 were prepared in 0.47 M potassium acetate (0.3 M K+ ions) and 0.3 M
potassium phosphate buffer, respectively. Deionized water was used and no EDTA was
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added. Solutions of PEG 8000 (20 to 45 wt%) with 10 mM buffer, 150 mM KC1, and 0
to 50 mM MgCl2 were used to equilibrate the respective pellets for one week.
X-ray Scattering
After one week of equilibration, the dGMP samples were sealed in 1 mm glass
capillaries and SAXS measurements were performed as a function of temperature as
described in Chapter 5 using a radius of 12.5 A for the form factor of dGMP. The
appropriate temperature equilibration time was determined to be about 1 5 to 20 min.
Results and Discussion
After accounting for the temperature dependence of the PEG 8000 osmotic
pressure using Equation 2.15, the actual change in d
x
with temperature for a fixed n can
be followed. Force curves for dGMP at pH 5 and 7.5 are given in Figures H.3 and H.4,
respectively, as a function of both temperature and MgCl2 concentration.
8.0
7.8
7.6
e
5 7.0
6.8
6.6
28 32 36 40
Figure H.3. Comparison of force curves for dGMP at pH 5.
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Figure H.4. Comparison of force curves for dGMP at pH 7.5.
Force curves actually were obtained from 10 to 60 °C in 10 °C increments, but only the
two extremes are plotted in Figures H.3 and H.4 for clarity. Also, the system was found
to be thermally reversible within this temperature range (data not shown).
In the absence of any divalent salt, the dGMP force curves are found to be
repulsive for both pH 5 and 7.5 and for all temperatures. This is due to electrostatic
repulsion between the dGMP columns. The best comparison between force curves at 10
and 60 °C can be made where they overlap in d\, which occurs between d
x
= 32 to 40 A
for both pH 5 and 7.5. At these spacings, the surface-to-surface separations are 7 to 15
A based on the dGMP columnar stacks having a radius of 12.5 A. It is expected that
temperature favored assembly should be predominant in the range of 5 to 1 5 A surface-
to-surface separation however, increasing the temperature from 10 to 60 °C results in
an almost negligible change in d
x
since the two force curves essentially coincide.
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1 herefore, temperature favored attraction doesn't seem to be occurring between the
columnar dGMP in 150 mM KC1 only, but it would be good to obtain more data at
lower n for 10 °C to make a better comparison.
At 10 mM MgCl 2 and higher, the dGMP force curves become attractive due to a
specific attractive force between dGMP and the divalent ion. In fact, at 50 mM MgCl2 ,
dGMP (both at pH 5 and 7.5) condenses into a liquid crystalline phase with a finite d
y
without any applied osmotic pressure. This is significant since calf thymus DNA in the
same buffer solutions containing 50 mM MgCl2 was found to dissolve. The 2- to 4-fold
higher charge density ofdGMP (pH 5 and 7.5, respectively) over DNA is most likely
responsible for the observed condensation. At 10 and 50 mM MgCl2 , dGMP clearly
exhibits temperature favored assembly as d
x
decreases with increasing temperature for
any given H This decrease is roughly 1 A for the 50 °C increase in temperature. The
entropy gain upon release of bound water from the columnar dGMP coupled with an
enhancement in columnar fluctuations is thought to drive this behavior. At 50 mM
MgCl2 , the system appears to be completely condensed since the force curves are
almost vertical with d\ « 28 A. This spacing indicates a surface-to-surface separation
between dGMP columns of 3 A, which is about the right distance for a Mg2+ ion to
bridge the gap.
The effects ofpH on the forces between dGMP columns can be observed in
Figures H.5 and H.6 for 10 and 60 °C, respectively.
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Figure H.5. Comparison of force curves for dGMP at 10 °C
Figure H.6. Comparison of force curves for dGMP at 60 °C
In the absence and presence of MgCh, slightly higher electrostatic repulsion forces
seem to exist between the columnar dGMP at the higher pi I. This is expected when
repulsive forces dominate, which is the case for 0 mM MgCb. However, it was
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hypothesized that when attractive forces are present, the higher charge density ofdGMP
at pH 7.5 would be more favorable for temperature assembly due to charge fluctuations
assisting the system in reaching the lowest energy minimum. It may be difficult to
compare the two dGMP charge densities for 10 and 50 mM MgCl 2 since the systems are
almost completely condensed at these divalent salt concentrations. Therefore, it is
suggested that experiments be performed at intermediate (0 to 10 mM) MgCl2
concentrations to observe a crossover from the repulsive to attractive regime as n is
increased. Such data at pH 5 and 7.5 then can be compared by integrating under the
force curves to calculate the work of dehydration.
Care should be taken in preparing and equilibrating dGMP samples under
osmotic stress for low (< 10 mM) MgCl2 concentrations in order to ensure that the
divalent ion concentration in the equilibrating solution does not significantly decrease
due to a net movement of Mg2+ into the dGMP phase. Therefore, it is recommended
that dGMP pellets for these experiments be prepared in solutions containing an excess
of MgCl 2 . Then, the PEG solution can be exchanged several times during the
equilibration process to ensure that the desired MgCl2 concentration in the equilibrating
solution is obtained.
Future Work
Additional data should be obtained at lower n and 10 °C for dGMP at pH 5 and
7.5 with no added divalent salt to make a better comparison with the corresponding 60
°C force curves. More data is needed in the intermediate MgCl 2 concentration range (0
to 10 mM) to better understand the effects of divalent salt on this assembly process.
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Future experiments within this divalent salt concentration range also are necessary to
fully understand the effect of doubling the charge density when increasing pH from 5 to
7.5. In addition, experiments using other divalent ions, such as Ca2+
, would be
beneficial for comparison with the existing Mg2+ data.
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